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ABSTRACT: An efficient noncovalent assembly process invol-
ving high geometrical control was applied to a linear bis-
(imidazolyl zinc porphyrin) 7Zn, bearing C,4 substitutents, to
generate linear multiporphyrin wires. The association process is
based on imidazole recognition within the cavity of the phenan-
throline-strapped zinc porphyrin. In chlorinated solvents, dis-
crete soluble oligomers were obtained after (7Zn),, was end-
capped with a terminal single imidazolyl zinc porphyrin deriva-
tive 4Zn. These soluble species, as well as their destabilization
in the presence of protic solvents, were studied by UV —visible
and time-resolved luminescence. In the solid state, assemblies as long as 480 nm, which corresponds to 190 iterative units or a
total of 380 porphyrins, were observed by atomic force microscopy measurements on mica. The length and linearity of the
porphyrin wires obtained illustrate the potential of phenanthroline-strapped porphyrins for the directional control of self-

assembly processes.

B INTRODUCTION

In the development of nanomaterials for molecular electro-
nics, porphyrin oligomers have received a great deal of attention
in the past decade. Many examples of photoinduced energy- or
electron-transfer reactions have been reported in geometrically
well-defined porphyrin dyads, triads, and higher oligomers,
providing crucial information on the energy- and electron-
transfer mechanisms involved in these processes." To produce
large multiporphyrinic assemblies for future applications, the
strong emergence of self-assembled multiporphyrinic species is
extremely attractive.” Two main types of arrangements can be
expected for multiporphyrin assemblies, namely, H-aggregates,
with 7r-stacked porphyrins facing each other, and J-aggregates,
with a partially overlapped side by side arrangement that is
reminiscent of natural light harvesting antennae systems. "> Many
reported self-assembled scaffolds, inspired by H-aggregates,
demonstrate the bright future of self-assembly. The mechanical
resistance of assemblies that rely exclusively on aromatic stacking
needs to be reinforced in various manners such as interactions of
lipophilic side chains,” ion binding,* or hydrogen bonding.® For
multiporphyrins of the J-aggregate type, a major issue concerns
the linearity of the scaffolds.

A necessary step prior to the development of materials is the
achievement of a high degree of linearity resembling that
observed in polymer-type assembhes where linearity may origi-
nate from cohesion forces.*” Aside from crystalline nanorods,®
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the largest multiporphyrinic assemblies reported were obtained
by both covalent and self-assembled approaches, using respec-
tively Osuka’s” iterative ox1dat1ve coupling of meso-unsubsti-
tuted porphyrins, or Kobuke’s'® imidazole coordination in self-
complementary zinc porphyrin dimers. These elegant and
powerful approaches led to large multiporphyrin assemblies for
which near-field microscopy imaging was reported.""'* In both
covalent and self-assembled species, imaging showed that the
linearity of the objects was inversely related to the size of the
linear assembly.

The specific binding of N-unsubstituted imidazoles within the
pocket of phenanthroline-strapped zinc porphyrins has been
established and used as an assembly tool for photonic dyads and
triads over the past few years.'* Coordination of imidazole within
the phenanthroline pocket is enhanced by the combination of
three noncovalent interactions: (1) a metal—ligand coordination
bond, (2) w— stacking between the imidazole and the phenyl
substituents on the phenanthroline, and (3) hydrogen bonding
of imidazole’s NH proton to phenanthroline’s nitrogen atoms.
Imidazolyl zinc porphyrins 3Zn and 4Zn assemble into linear
wires under certain conditions on highly ordered pyrolytic
graphite (HOPG)."* To ensure the formation of continuous
linear wires, two of these imidazolyl-porphyrins have now been
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Scheme 1. Synthesis of the Self-Complementary
Bis(imidazolyl porphyrin) 7Zn"
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linked by a phenyl spacer in the bis-porphyrin 7. In the presence
of zinc, after assembly at one end, the other end is still available to
continue the oligomerization/polymization process. Solubility of
the assemblies will be the size-limiting factor. Dissociation
studies, photophysical measurements, and atomic force micro-
scopy (AFM) images demonstrate the existence of 7Zn as self-
assembled filaments.

B RESULTS AND DISCUSSION

Synthesis. Compounds 1 and 2 (Scheme 1) were prepared'*
by combining two synthetic approaches that lead to soluble
phenanthroline-strapped porphyrins bearing long alkyl chains
and to self-complementary imidazolyl-substituted porphyrins.
Bromination'® of the unsubstituted meso position afforded $
quantitatively. A final coupling of 2 equiv of § with 1,4-phenyldi-
boronic acid afforded the protected bis-porphyrin 7. Removal of
the CH,OCH,CH,SiMe; (SEM) protecting groups on 6 gave
compound 7 in 48% yield.

Metalation of 7 with zinc acetate resulted in the precipitation
of the deep green zinc derivative 7Zn. Despite the presence of
two long alkyl chains, this compound was insoluble in chlori-
nated solvents, toluene, alcohols, dimethylformamide (DMF),
and dimethyl sulfoxide (DMSO). Compound 7Zn was partially
soluble in pyridine. For similar self-assembling systems, this type
of behavior was attributed to the formation of very large species
that precipitate at a critical size."®”'® Mass spectroscopy of dilute
samples of 7Zn showed no trace of nonmetalated porphyrin;
therefore, metalation was assumed to be quantitative.

Wtas,,

Tl

in-in out-in out-out

Figure 1. Three possible association modes for the homodimers
(3Zn), and (4Zn),. Alkyl chains are omitted for clarity. The terms
“in” and “out” denote respectively whether the imidazole is bound within
the phenanthroline pocket or outside of the phenanthroline pocket, at

the distal site.

Assembly in Solution. Three possible modes of assembly can
be envisioned for (3Zn), and (4Zn), (Figure 1). These modes
differ by binding of imidazole either within the phenanthroline
strap (denoted as “in”) or on the distal, unhindered side of the
porphyrin (denoted “out”). Semiempirical and molecular me-
chanics calculations in the gas phase indicated that although the
in—out configuration is slightly preferred, there is little difference
(<3 kcal) between the relative heats of formation of the three
configurations (see the Supporting Information). Thus, in
theory, three forms of the dimer can be engaged in a configura-
tional equilibrium in solution.

As shown in Figure 2, the dimer (3Zn), exhibited a rather
simple set of "H NMR resonances that can only emerge from a
unique and highly symmetrical arrangement. An in—out assem-
bly was therefore eliminated as a possible conformation in
solution. Compared to the free base porphyrin 3, the doublet
of the ortho (H,) protons of the phenyl ring of the phenanthro-
line strap was shifted upfield from 6.68 ppm in the free base to
6.38 ppm in the zinc porphyrin. This shift, which results from a
JT—7 interaction between the imidazole and the phenyl ring
bearing H,, is characteristic of imidazole binding within the
phenanthroline strap.'” Only the in—in conformer accounts for
the upfield shift of the H, peak.

The apparent discrepancy between the rather imprecise
theoretical calculations and the preferred configuration observed
by NMR needs higher level calculations to be clarified, in view of
the small differences involved. Particularly intriguing is that an
X-ray structure of a phenanthroline-strapped zinc porphyr-
in—imidazole complex showed that the imidazole’s NH hydro-
gen formed a bifurcated hydrogen bond with both nitrogen
atoms of the phenanthroline.” In the X-ray analysis, this
particular NH was positioned on the basis of the presence of
electronic density; therefore, in our calculations, the prediction
that the imidazole’s NH hydrogen prefers a single hydrogen
bond to only one of the phenanthroline’s nitrogen atoms may be
an artifact of the force field calculation. However, the preferred
in—in configuration observed by NMR is easily explained by the
formation of two hydrogen bonds that are highly favored by the
use of chloroform as solvent.

Altogether, "H NMR clearly indicates that the self-comple-
mentary dimer (3Zn), suffers some conformational mobility
restraints due to stacking of the phenyl groups of both phenyl—
ethynyl spacers. In the absence of zinc, the phenyl spacer
located at the porphyrin’s meso position in the free base
monomer showed broad signals at 8.4 and 7.6—7.8 ppm, which
suggest a precluded or slow free rotation around the imidazole—
porphyrin axis. After zinc insertion and formation of the in—in
dimer, the nearly face-to-face position of the two phenyl—
ethynyl groups (see Figure 2 or the Supporting Information) is
now fixed. The phenyl protons appear as two, well-defined sets of
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Figure 2. '"H NMR spectra of 3 (bottom, 300 MHz) and 3Zn (top, 500 MHz) in CDCl; (~5 x 10~ * M). The phenyl protons of the phenyl-ethynyl

bridge are boxed for the free base 3.
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Figure 3. Absorption spectra of 4Zn (dissolved in CH,Cl, and then
diluted with n-heptane to a concentration of 1 x 10> M) and changes
upon addition of MeOH: red line, ~12 000 equiv of MeOHj blue line,
~36000 equiv of MeOH plus enough CH,Cl, (DCM) to obtain a
homogeneous solution.

AX peaks at 8.34,7.79, 6.98, and 6.78 ppm. Whereas the positions
of the first two doublets are nearly unchanged, the latter two
doublets are shifted upfield compared to the broad peaks in the
free base precursor. The COSY NMR spectrum showed one
correlation for the doublets at 8.34 and 6.98 ppm and another for
the doublets at 7.79 and 6.78 ppm (see the Supporting In-
formation). Thus, the first two doublets correspond to protons
on the same side of the phenyl ring and the latter two correspond
to the protons on the opposite side of the phenyl ring. The peaks
at 8.34 and 7.79 ppm were attributed to H, and H," on the basis
of a correlation in the NOESY spectrum between both of these
doublets and the /3, protons of the porphyrin ring (see the Sup-
porting Information). The peak that is more upfield, at 7.79 ppm,
was assigned to H,," because this proton is shielded by the electronic
density of the phenyl ring of the second molecule in the dimer
(see schematic representation in Figure 3 and the molecular model

in Supporting Information Figure S3). Consequently, on the basis
of the COSY NMR correlations, H,,y and H,,,» were assigned to
the doublets at 6.98 and 6.78 ppm, respectively. The larger
upfield shifts of H,» and H,," are explained by molecular
modeling that clearly places these protons at the van der Waals
contact of the slightly offset neighboring phenyl linker (see
Figure 2 and the Supporting Information). Particularly close
proximities were calculated for H,» and H,,» of one molecule
respectively with H,,; and H, of the second molecule (respective
distances of ca. 3.43 and 346 A). All distances between other
protons on opposite molecules are greater than 4.5 A.

The formation of only a dimeric species was confirmed by
DOSY "H NMR for 5 x 10~ * M solutions of 3Zn and 4Zn in
CDCl; (D = 300 um?/s for 3Zn and 250 um”/s for 4Zn, 298
K)." These dimers are extremely stable with a self-association
constant of 10° M ™" in CHCI; at 298 K. Dimers of 3Zn and 4Zn
assemble into J-aggregates in n-heptane solution at 10> M.**
The absorption spectrum of 4Zn dissolved in a minimum of
dichloromethane and then diluted with n-heptane is shown in
Figure 3. The spectra shown in Figure 3 were measured at
relatively high concentration (1 X 10> M) to favor aggregation;
nevertheless, the absorptions remain in the linear response domain
of the detector. The broad Soret band has a A,,,,, at 443 nm with a
shoulder around 456 nm. The former absorption was attributed
to the dimer and the latter to J-aggregates. To dissociate the
dimers and aggregates, methanol was added (1 pipet drop or
~12 000 equiv), causing the Soret band to split into three distinct
components with 4., at 428, 446, and 456 nm. The absorption
at 428 nm became more intense upon the addition of more MeOH
(~36 000 equiv total), suggesting that this band corresponds to
monomers coordinated by MeOH. The lower energy absorptions at
446 and 456 nm were thus respectively attributed to dimeric
species and to aggregates. Assignment of these bands was con-
firmed by time-resolved photoluminescence studies (vide infra).

The in—in mode of coordination in (4Zn), was also assumed
for solution assembly of the bis(imidazolyl-porphyrin) 7Zn. Due
to its insolubility in noncoordinating solvents, "H NMR (300 MHz)
of the bis-porphyrin 7Zn could not be obtained in chlorinated
solvents. However, 7Zn was soluble in pyridine, which is a
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Figure 4. Dissociation of polymers of 7Zn by addition of 4Zn.

competitor for axial binding to zinc. The "H NMR (500 MHz)
spectrum of 7Zn in pyridine-ds showed sharp peaks (see Sup-
porting Information) and only monomeric 7Zn was observed in
DOSY experiments of this sample.

To establish the existence of 7Zn as self-assembled polymers,
an experiment was carried out to dissociate the presumably long
species into smaller segments by adding 4Zn as an end-capping
group, as schematically depicted in Figure 4. Bis(porphyrin) 7Zn
was dissolved in pyridine, and a small quantity (0.05 or 0.02S
equiv) of 4Zn was added. The solution was then equilibrated at
80 °C for 30 min. After removal of the pyridine under reduced
pressure and vacuum drying for 12—15 h, 0.4 mL of CDClI; was
added. This process was repeated until the solid completely
dissolved in the 0.4 mL of CDCI;. A soluble oligomer was
obtained after the addition of 0.125 equiv of 4Zn. The stoichi-
ometry reached at this point for the dissolved species was
theoretically seven molecules of 7Zn to two molecules of 4Zn.

The "H MNR (300 MHz, CDCl;) of this mixture of 7Zn/4Zn
showed numerous broad peaks as well as some sharper peaks that
could be assigned (see the Supporting Information). By compar-
ing the integration of the meso porphyrin peak (10.23 ppm) of
4Zn to that of the imidazole’s HS (4.31 ppm) present in both
47Zn and 7Zn, the ratio of 7Zn/4Zn was estimated to be seven
molecules of 7Zn for two molecules of 4Zn. Thus, the NMR
estimation was in agreement with the initial stoichiometry, and
the average distribution of end-capped oligomers observed in
solution was centered around scaffolds with formula of 4Zn-
(7Zn),4Zn comprising 16 porphyrins. As shown by the spec-
trum of the soluble material, residual pyridine seemed to be
absent from the solution. Although traces of pyridine may be
considered, in dichloromethane, the large difference between the
log Ki,, = 6.1 and log K,,, = 3.3 on a phenanthroline-strapped zinc
porphyrin®**! renders the binding of pyridine ineffective at
NMR concentrations.

The length of these species could not be confirmed by DOSY
experiments, however, because initially homogeneous solutions
of 4Zn(7Zn),4Zn in CDCI, precipitated within 22 h. Consider-
ing that the assembly is an equilibrium process, the solution of
7Zn/4Zn does not exist as only end-capped hexamers or
heptamers. Rather, oligomers or polymers of various lengths
coexist in solution and species longer than approximately 16
porphyrins precipitate, which displaces the equilibrium toward
the formation of insoluble oligomers 4Zn(7Zn),,,,4Zn and
shorter, soluble species (see Supporting Information for a schematic
representation). The DOSY experiment did show the existence
of a species with a diffusion coefficient of 120 um?>/s (CDCl,,

298 K), which corresponds to a monomer of 7Zn end-capped
with 4Zn, i.e., 4Zn(7Zn)4Zn.

In hopes of favoring oligomers shorter than 4Zn(7Zn),4Zn,
which might be observed by DOSY NMR, more 4Zn was added,
for a total of 22.5% of 4Zn with respect to 7Zn. The "H NMR
(CDCly) spectrum of this solution, which corresponds to 4Zn-
(7Zn)44Zn on the basis of stoichiometry, was similar to that of
4Zn(7Zn)-4Zn. Unfortunately, precipitation began within 20
min of preparing the CDCl; solution of 4Zn(7Zn)44Zn. Thus, a
DOSY experiment was not carried out. More dilute solutions
remained homogeneous for longer periods of time and were used
for photophysical studies.

Photophysics. To verify the assignment of the absorption
bands of 3Zn or 4Zn, time-resolved photoluminescence studies
were carried out on solutions of 3Zn or 4Zn that were dissolved
in a minimum amount of CH,Cl, and then diluted with n-
heptane to favor the formation of J-aggregates. The behavior of
both compounds was similar; therefore, results representative of
both compounds are described only for 4Zn. Time-resolved
spectra and decay-associated emission spectra (DAES) of 3Zn
are available as Supporting Information.

Upon excitation at 440 nm, two emission bands were observed
at 620 and 672 nm (Figure Sa). The emission dynamics were best
fit using the decay-associated emission spectra with two spectral
components with different associated decay times (Figure Sb).
The slow component decayed with 7; = 950 ps and the fast one
with 7, = 250 ps. On the basis of other time-resolved
i11vestigations,22’23 the former should correspond to the fluores-
cence of smaller species and the latter to fluorescence of larger
aggregates. These decay times have to be compared to the
reported 2.2 ns of an imidazole inclusion complex with a simple
phenanthroline-strapped zinc porphyrin in pure CH,CL.** In
47Zn, the observed slow component is more than two times faster
than that of the simple phenanthroline-strapped zinc porphyrin;
therefore, the 950 ps decay time is more likely due to a dimeric
form of 4Zn. The two spectral components of the DAES
(Figure Sb) for these two decay times are of nearly equal
amplitude, meaning that both dimers and oligomers/aggregates
contribute equally to the fluorescence. These findings seem
reasonable given that both dimers and oligomers/aggregates
absorb at the excitation wavelength of 440 nm.

Upon excitation at 445 nm, the emission maxima remained the
same at 620 and 670 nm (Figure Sc). A biexponential decay best
fit the time-resolved spectrum. The decay times (see Table 1) were
similar to those for excitation at 440 nm and were assigned in the
same manner. In the DAES (Figure 5d), the spectrum correspond-
ing to the fast component (aggregates) is more intense than that of
the slow component (dimer). The reason for this difference is that
at 445 nm the aggregates absorb more than the dimers and thus
the aggregates’ emission is more intense upon excitation at this
wavelength. This finding of an amplified intensity supports the
assignment of the red-shifted absorption peak to aggregates.

The existence of aggregates of 4Zn was further verified by
adding methanol and exciting at 445 nm, where the aggregates
absorb more than the dimers. Three pipet drops (~36000
equiv) of MeOH were added to the solution, and time-resolved
fluorescence spectrum was recorded (Figure Se). Again, two-
component DAES gave the best fit. For excitation at 445 nm, a
smaller difference in amplitude between the two components of
the DAES (Figure S5f) was observed than in the situation
displayed in Figure 5d. Compared to the spectrum of the solution
containing no methanol (Figure 5d), the amplitude increased for
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Figure 5. Time-resolved spectra (a, ¢, e) and their corresponding DAES (b, d, f) of 4Zn dissolved in a minimum of CH,Cl, and diluted with n-heptane:

(aand b) A,

440 nm; (c and d) A, = 445 nm; (e and f) in the presence of ~36 000 equiv of MeOH at A, = 445 nm.

Table 1. Emission Maxima and Fluorescence Decay times

Aex (nm) 7, (ps) 72 (ps)

3Zn"“ 440 700 150

445 700 200
3Zn“ + MeOH " 445 700 200
4Zn“ 440 950 250

445 1100 250
4Zn“ + MeOH"® 445 900 300
4Zn(7Zn)4Zn ¢
concentrated 434 5160 400
dilute 434 5340 400

“Dissolved in CH,Cl, and diluted with n-heptane. ®~36000 equiv
of MeOH. ‘ Dissolved in CH,Cl, and diluted with cyclohexane.

the longer decay time’s DAES (dimer component). Such a pre-
sence of more dimers is expected because the addition of methanol
dissociates aggregates into dimers.

Time-resolved fluorescence measurements were also per-
formed on coordination oligomers of 7Zn end-capped with
22.5% of 4Zn, which corresponds to oligomers with an average
formula of 4Zn(7Zn),4Zn. Upon excitation at 434 nm, the

6077

emission maxima of 4Zn(7Zn)44Zn were considerably red-
shifted compared to those of 4Zn. Kobuke observed similar
red-shifted emission bands in self-assembled imidazolyl zinc
porphyrins and attributed the red-shift to exciton interactions."
Two samples of different concentrations in dichloromethane—
cyclohexane (Figure 6) were studied. The exact molarity of each
sample was unknown; however, on the basis of the absorbance of
the Soret band at 434 nm, one sample was five times more con-
centrated than the other. Time-resolved spectra (Figure 6a,c) were
best fit by the DAES method using two different decay constants. In
the more concentrated sample, decay times of 5.16 ns and 400 ps
were observed (Figure 6d). These decay times are much longer than
those of covalently linked multiporphyrin arrays. In general, such a
significant increase can be ascribed to the delocalization of the
excitation energy over several chromophores.”® Small to moderate
increases have been reported for small noncovalent cyclic species or
geometrically less defined covalent species. The significant changes
observed in this work suggest a more efficient delocalization along
either longer or more linear species for example. Upon dilution, the
shorter and longer decay times remained approximately constant
(Figure 6b).

As for porphyrins 3Zn and 4Zn, the shorter decay time (400 ps)
of 4Zn(7Zn),4Zn was attributed to longer oligomeric species.

dx.doi.org/10.1021/ic2001255 |Inorg. Chem. 2011, 50, 6073-6082



Inorganic Chemistry

Amplitude (arb. u.)

Amplitude (arb. u.)
e = N W oA

" 750

by Vo 700
log )™ 650 " o
) wave®

22 b) —— T,=5340 ps| 1
- —T=400ps |-
S 18
-g 1.6
E“

3 12
=

G40 660 680 700 720 70 760
Wavelength (nm)

e o

Amplitude (arb. .}

620 640 G60 680 700 720 740 760
Wavelength (nm)

Figure 6. Time-resolved spectra (a, c) and their corresponding DAES (b, d) of 4Zn(7Zn),4Zn in a dilute sample (a + b) and a sample five-times more
concentrated (c + d). The compound was dissolved in dichloromethane and diluted with cyclohexane.

Figure 7. AFM images of 7Zn on mica: (a) 1 #M solution of 7Zn in THF drop-cast onto freshly cleaved mica (vertical scale = 6 nm); (b and ¢) 1 uM
solution of 7Zn in THF drop-cast onto mica that was first covered with a thin film of heptane [(b) vertical scale = 6 nm]; (c) close view of laterally packed
chains observed on the same sample in an area of higher surface coverage density; vertical scale = S nm; (d) 1 #M solution of 7Zn in pyridine drop-cast

onto mica (vertical scale = S nm).

The amplitude of both components was nearly equal in the
concentrated sample. In the more dilute sample, the associated
spectrum of the longer lived component was more intense than
that of the shorter lived component. The longer lived component
was assigned to emission from the end caps. Thus, as intuitively
expected, 7Zn tends to form longer oligomers at higher con-
centration. Upon dilution, these longer species are dissociated
into shorter segments.

AFM Studies of Assembly in the Solid State. Atomic force
microscopy (AFM) studies were carried out to investigate the
self-assembly of 7Zn on surfaces. A rapid screening of substrates,
solvents, and deposition conditions was initially conducted.
Typically, 1 uM solutions of 7Zn in CHClI;, toluene, heptane,
tetrahydrofuran (THF), or pyridine were prepared by diluting a
100 uM stock solution of 7Zn in pyridine with the desired

solvent. The dilute solutions were deposited on mica, HOPG,
native silicon (SiO,), or molybdenum disulfide (MoS,) sub-
strates by dip-coating or drop-casting. On HOPG, MoS,, and
SiO, substrates, ill-structured aggregates or filmlike deposits
were mainly observed under the conditions tested (not shown).
THF and pyridine solutions of 7Zn led to the formation of
filament-like structures on mica, as shown in Figure 7.

Drop-casting of this THF solution onto freshly cleaved
mica led principally to the dispersion of 7Zn into nonorga-
nized aggregates on the surface, as shown in Figure 7a.
However, beside the presence of some ill-defined aggregates,
elongated structures were observed when the THF solution
of 7Zn was drop-cast onto mica that had first been covered
with a thin film of heptane (Figure 7b,c and the Supporting
Information).
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Figure 8. Space filling representation of optimized models of dimers of 7Zn (in blue and red) including two 4Zn end-capping units (in gray): (aand b)
view along the axis of the porphyrin assembly; (c and d) bird’s eye view of the assemblies. Specific dimensions are indicated for two possible orientations
of the assembly on a mica surface. Model optimized on MOPAC2009 26 using the PM6 level.””

The drop-casting deposition method resulted in an inhomo-
geneous dispersion of the material on the sample substrate’s
surface. In areas presenting a low surface coverage, isolated
filament-like structures of homogeneous height and width were
clearly observed (Supporting Information Figure S12a,b) and
were attributed to isolated self-assembled porphyrin chains.
These structures were sometimes decorated with small aggre-
gates, which gave them an irregular appearance. In some cases the
observation of loops and twisted structures suggested the folding
of cohesive structures, ie. chains of coordination polymers
(Figure 7b and Supporting Information Figure S12a,b). In areas
presenting a higher surface coverage, more complex patterns
were observed; however, the filamentous nature of the under-
lying structures was still distinguishable even in large assemblies
(Figure 7b,c and Supporting Information Figure S12c). The
reproducibility of these observations was confirmed by exploring
three different samples at multiple positions. Precoating the mica
with heptane was found to be essential to promote the formation
of such filamentous structures. It is proposed that heptane acts as
a temporary passivation layer preventing the direct contact of the
monomeric/oligomeric species initially present in the solution
with the mica surface, thus permitting growth of the porphyrin
chains before they are trapped on the surface. Further investiga-
tions are necessary to fully understand the role of the heptane
layer in the self-assembly process.

The isolated filaments were 9—16 nm wide and 1.62 & 0.52 nm
high. Taking into account the radius curvature (<10 nm) of the
AFM probe, the observed widths were consistent with single
strands of porphyrin assemblies. The height of the filaments does
not correspond to the previously calculated and observed
1.25 nm height of the phenanthroline-strapped porphyrin from
the porphyrin ring to the top of the phenanthroline strap.'* The
measured height is compatible with two possible calculated
widths, as shown in Figure 8a,b. In Figure 8a, the 1.8 nm distance

is measured from the top of one phenanthroline strap to the
bottom of the phenanthroline strap in a second porphyrin. In this
case, the porphyrins would lie parallel to the mica surface. The
second calculated distance that corresponds to the measured
height is the 1.6 nm width of a porphyrin between the outermost
carbon atoms of the meso-phenyl groups (Figure 8b). In this
scenario, the porphyrins would lie on their sides, perpendicular to
the surface, as previously thothesized for assemblies of dimers
of 3Zn and 4Zn on mica.'* The precision of the measurements
does not permit discrimination between the diverse orientations
possible for the porphyrin chains on the surface, and the
variations observed can indicate the presence of different orien-
tations of these chains on the mica surface.

In the area exhibiting a high density of 7Zn, lateral association
of some filament-like structures was observed, as shown in
Figure 7c (circled area). In the more closely, laterally packed
assemblies, a center to center distance of 6.3 & 1.2 nm was
measured between the subsequent filaments. This value is close
to the theoretical widths calculated for fully extended C18 alkyl
chains, i.e., 5.2—5.6 nm, as shown in Figure 8. Thus, no or very
little interdigitation of the C18 alkyl chains is observed and the
linear substructures most likely correspond to single strands of
(7Zn),, chains assembled side-by-side.

Samples prepared by drop-casting of a micromolar pyridine
solution of 7Zn onto mica were more heterogeneous, presenting
mostly dense films in which fibrous substructures could be
distinguished (see Supporting Information). In one case isolated
linear, filament-like structures were seen (Figure 7d). These
structures appeared to be lying on top of a poorly organized layer
of material that covered the mica surface and made it difficult to
measure the height of the filament-like structures. The micro-
molar pyridine solution probably contained mostly monomeric
or small oligomeric species due to the coordinating nature of this
solvent. Therefore, the observed structures are assumed to have
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formed as the pyridine evaporated. The average, uncorrected
width of the filaments was 10— 15 nm, which was consistent with
single stands of self-assembled 7Zn, as described above for the
THE solutions. These filaments were as long as 480 nm, which
translates to 190 repeating bis(porphyrin) units for a total of 380
porphyrins. Further experiments are necessary to refine the
deposition method to favor the formation of these assemblies.

Bl CONCLUSIONS

The self-complementary imidazolyl zinc porphyrins 3Zn and
4Zn exist as dimers and/or J-aggregates, as demonstrated by
absorption spectroscopy and time-resolved photoluminescence
measurements. Assembly into linear structures was achieved with
the bis(imidazolyl zinc porphyrin) 7Zn. In organic halogenated
solvents, 7Zn self-assembles into insoluble oligomers or poly-
mers that are at least 18 porphyrins long. Linear filaments or
fibers up to 480 nm long were observed by near-field microscopy,
starting from dilute pyridine solutions, in which only isolated
species were present. This work demonstrates the potential of
noncovalent interactions to assemble appropriately designed
building blocks into long, linear structures.

B EXPERIMENTAL SECTION

Calculations. Molecular mechanics calculations with the MM+
force field, semiempirical calculations at the PM3 level were performed
within the HyperChem program package,”® and semiempirical calcula-
tions at the PM6 level*” (Figure 8) were peformed with MOPAC2009.¢
Geometry optimizations were done by alternating the molecular me-
chanics and semiempirical calculations, the latter providing the atomic
charges used by the former without cutoffs. Convergence was usually
attained for different dimers after 24 h on an IBM computer equipped
with a Pentium processor and an 850 GHz clock.

Atomic Force Microscopy. AFM investigations were carried out
with a commercial Nanoscope Illa setup that controlled a Dimension
3100 scan-head (Digital Instruments, Santa Barbara, CA). All experi-
ments were carried out in Tapping Mode under ambiant conditions.
N-doped silicium cantilevers were used for surface imaging
(NanoAndMore Gmbh): NanoSensors PointProbePlus NCH (typical
tip radius, <10 nm; force constant, 42 N/m; resonance frequency, 330
kHz; back side reflex coating). For HOPG, SPI SP2 or SPI SP1 grade
plates (1 x 1 cm”) were used as supports and freshly cleaved with
adhesive tape just before to use. For mica, synthetic fluorophlogopite
plates (1 x 0.5 cm®) were used. They were cut from a 1 x 1 cm” plate
(with scissors) and cleaved with adhesive tape just before use. Images
were generated using NanoScope software (version 6.14, Digital In-
struments). A third-order leveling was applied to correct the pictures for
the background. No other treatments were applied to the data before
analysis.

Photophysical Studies. The tunable Ti:sapphire laser (Coherent,
Mira) delivering sub-150 fs pulses with a repetition rate of 76 MHz was
used for the excitation of the samples. To obtain an excitation within the
Soret band of the investigated porphyrins (425—44S nm), the light was
frequency-doubled by using beta barium borate (BBO) crystal. A
combination of a spectrometer (Jobin-Yvon HR460, 100 lines/mm
grating) and a streak camera (Hamamatsu C5680) was used to record the
fluorescence from the samples. The streak camera was operated in the
analog integration mode. The temporal and spectral resolutions of
fluorescence spectra were 8 ps and 2 nm, respectively. The polarizer
oriented at an angle of 54.7° relative to the polarization of the excitation
was utilized to compensate for the effect of molecular rotation on the
fluorescence decay. Scattered light from the excitation beam was blocked
by a color glass filter (SCHOTT OG570). To minimize photodegradation

during the measurement, the solutions were continuously pumped
through a quartz cuvette in a closed loop. The following three-dimen-
sional function,

1(,t) = iA,-(/l) et/

i=1

was used to fit the recorded data. I(4,t) is the wavelength 4 and time ¢
dependent experimental fluorescence intensity; A; and 7, are the weights
and the global decay times, respectively. This applied fitting technique
allows the observed fluorescence intensity to be decomposed into a sum
of wavelength-dependent components A; that each decay with wave-
length-independent lifetimes 7;. The determined set of curves A;(1),
called the decay-associated emission spectra, can be graphically pre-
sented to show the extracted decay times 7; for each amplitude A;. To
compare the quality of the different DAES fits, a y*-value was calculated
using the following formula:

Py =——— L

Lgona(n,m) — I (n,m 2
NmaxMmax (Iﬁt,max) (Sg al( ' ) ft( ’ )) )

all pixels(n, m)

where (n,m) is the index for the pixel map. y” is normalized to the size of
the pixel map (MmaMma) and to the maximum value of the fit squared
(Iﬁt,max)z. All presented fits had a Xz—value below 103,

Steady-state absorption spectra were recorded with a Varian-Cary
500 spectrophotometer.

B SYNTHETIC PROCEDURES

General Method. Compounds 1—4, 3Zn, and 4Zn were prepared
according to ref 14. Reagents and solvents of reagent grade were
purchased and used without further purification. Anhydrous Na,SO,
was used as a drying agent after aqueous workup. Evaporation and
concentration in vacuo were carried out at H,O-aspirator pressure.
Column chromatography was performed with alumina from Merck
(aluminum oxide 90 standardized, activity II-III according to
Brockmann). Mass spectra were performed by le Service de Spectro-
métrie de Masse de I'Institut de Chimie, Université Louis Pasteur.
Elemental analyses were performed by le Service d’Analyse Elementaire
de I'Institut Universitaire de Technologie, Strasbourg, Sud, and le
Service d’Analyse Elementaire de I'Institut de Chimie, Université Louis
Pasteur. 'H NMR spectra were recorded on Bruker Advance 300 (300
MHz) or 500 (500 MHz) spectrometers. DOSY spectra were recorded
on a Bruker Avance 500 (500 MHz) spectrometer. Chemical shifts were
determined by taking the solvent as a reference: CHCl; (7.26 ppm);
pyridine-ds (7.19, 7.55, 8.71 ppm).

Synthesis of 5. To a solution of 2 (94 mg, 0.06 mmol) in THF
(10 mL), zinc(II) acetate (130 mg, 0.6 mmol) was added. The mixture
was stirred at 60 °C for 2 h. After evaporation of the solvent, the residue
was dissolved in CHCl3/H,O medium. The organic layer was carefully
washed with water. After evaporation of CHCl;, the metalated porphy-
rin was dried by azeotrope distillation with toluene. Crude product
(quantitative yield) was used without further purification in the next
step. The stoichiometry of the brominating agent was calculated on the
basis of the initial quantity of free base porphyrin 2.

To a solution of crude metalated 2 in chloroform (20 mL) was added
N-bromosuccinimide (11 mg, 0.06 mmol). After 20 min at 0 °C, the
reaction was quenched with acetone (S mL). After evaporation of the
solvent, the mixture was dissolved in CH,Cl, (200 mL) and trifluor-
oacetic acid (10 mL) was added. The solution was stirred for 10 min at
room temperature and then washed twice with 2 M Na,CO53(aq). The
organic layer was dried over Na,SO,, and the solvent was removed. The
mixture of porphyrins was purified by column chromatography over Al,O
in CH,Cl,/cyclohexane (1/1) to afford § (97 mg, 0.06 mmol, 100%) as
a glassy purple solid. mp > 250 °C. "H NMR (CDCls, 300 MHz): 0 9.61
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(d,]=4.8 Hz,2H),8.97 (d, ] = 4.8 Hz, 2H), 8.67 (d, ] = 4.8 Hz, 2H), 8.59
(d,] = 4.8 Hz, 2H), 8.47 (brs, 1H), 8.20 (d, J = 2.6 Hz, 2H), 7.98 (d, ] =
8.4 Hz,2H), 7.81 (brs, 3H), 7.77 (d, ] = 8.5 Hz, 2H), 7.54 (d, ] = 8.4 Hz,
2H), 7.51 (s, 2H), 7.47 (dd, ], = 2.6 Hz, ], = 8.5 Hz, 2H), 7.20 (d, ] =
1.3 Hz, 1H),7.16 (d, ] = 1.3 Hz, 1H), 6.78 (d, ] = 8.4 Hz, 4H), 6.45 (d,] =
8.4 Hz,4H), 5.54 (s,2H), 4.28 (m, 4H), 3.67 (t, ] = 7.7 Hz, 2H), 1.99 (m,
4H), 12—1.5 (m, 60H), 1.01 (t, ] = 7.7 Hz, 2H), 0.88 (m, 6H), 0.01
(s, 9H), —2.42 (s, 2H).

Synthesis of 6. To a suspension of 5§ (95 mg, 57 umol), 1,4-di-
phenylboronic acid (4.35 mg, 26 mol), and K,COj; (82 mg, 0.6 mmol)
in toluene (15 mL) were added water (0.3 mL) and methanol (2 mL).
The mixture was Ar flushed (15 min); then Pd(PPhs), (S mol %) was
introduced. After degassing by bubbling the mixture with Ar for another
1S min, the reaction mixture was stirred at 60 °C for 6 h under argon.
The organic phase was washed with saturated NH,4Cl(aq) (2 x 50 mL)
and water (2 X SO mL) and then dried over Na,SO,, filtered, and
evaporated to dryness to afford a dark residue. Purification by column
chromatography (AL,O3, C¢H,;5/CH,Cl,, 1/1) was conducted in the
dark to yield the SEM-protected derivative 6 (57 mg, 17 umol, 65%) as a
violet solid (second eluted product). The compound was used without
further purification for the deprotection step that follows. mp > 250 °C.
"H NMR (CDCls, 300 MHz): 6 9.18 (d, ] = 4.5 Hz, 4H), 8.99 (d, ] = 4.5
Hz, 4H), 8.87 (d, ] = 4.5 Hz, 4H), 8.75 (d, ] = 4.5 Hz, 4H), 8.55 (br s,
2H), 8.29 (d, J = 2.6 Hz, 4H), 8.20 (br s, 2H), 7.97 (d, ] = 8.4 Hz, 4H),
7.88 (br's, 8H), 7.82 (d, J = 8.5 Hz, 4H), 7.48—7.56 (m, 12H), 7.22
(s, 2H), 7.19 (s, 2H), 6.83 (d, = 8.2 Hz, 8H), 6.55 (d, ] = 8.2 Hz, 8H),
5.59 (s, 4H), 4.29 (m, 8H), 3.71 (t, ] = 8 Hz, 4H), 1.98 (m, 8H), 1.2—1.6
(m, 120H), 1.02 (t, ] = 8 Hz, 8H), 0.87 (m, 12H), 0.03 (s, 18H), —2.70
(s, 4H).

Synthesis of 7. A solution of 6 (57 mg, 17 mol) and (n-Bu,)NF
(0.1 mL ofa 1 M solution in THF, 0.1 mmol) in 6 mL of THF was heated
at 50 °C, in the dark, for 4 h and then poured into water. The precipitate
was washed with water and dissolved in CH,Cl,. The organic layer was
washed again with water. Solvent was removed under vacuum, and the
resulting residue was dried by azeotrope distillation. Purification by
column chromatography (Al,O3, CsH;,/CH,Cl,, 1/1 to 0/1) was
conducted in the dark to yield 7 (25 mg, 8.2 umol, 48%) as a glassy
purple solid (third eluted product). mp > 250 °C. "H NMR (CDCls, 300
MHz): 09.18 (d,] = 4.5 Hz,4H), 8.99 (d, ] = 4.5 Hz,4H), 8.86 (d,] = 4.5
Hz, 4H), 8.73 (d, ] = 4.5 Hz, 4H), 8.51 (br s, 2H), 8.28 (d, ] = 2.6 Hz,
4H),8.18 (brs,2H), 7.94 (d, ] = 8.5 Hz,4H), 7.84 (brs, 2H), 7.77 (d, ] =
8.6 Hz, 4H), 7.66 (br s, 6H), 7.34—7.56 (m, 16H), 6.74 (d, ] = 8.4 Hz,
8H), 6.53 (d, J = 8.4 Hz, 8H), 4.26 (m, 8H), 1.96 (m, 8H), 1.56 (m, 8H),
12—15 (m, 112H), 083 (m, 12 H), —2.34 (s, 4H). MS. Calcd for
M": 3061. Found: 3063.650. Anal. Calcd for Cy1,H,,¢N;604 + 2H,0 +
2CH,Cl: C, 78.61; H, 7.39; N, 6.38. Found: C, 78.34; H, 7.24; N, 6.00.

Synthesis of 7Zn. Zinc acetate (7.1 mg, 33 umol) was added to a
solution of 7 (10 mg, 3.3 umol) in S mL of THF. The mixture was stirred
at 50 °C under argon. A solid precipitated immediately. After 2 h, the
mixture was poured into water. The precipitate was collected by
filtration and washed thoroughly with water and then with methanol
to afford 7Zn (8 mg, 2.5 umol, 76%) as an insoluble green material. MS
MALDI TOF. Calcd for M": 3183.62. Found: 3183.11.

B ASSOCIATED CONTENT

© Ssupporting Information. Figures showing molecular
modeling of dimer (3Zn), or (4Zn), without the alkyl chains,
stick models of conformations of the out—out dimer of 3Zn or
47Zn, selected atomic distances in the model of the in—in dimer
(3Zn),, COSY and NOESY NMR spectra of (3Zn),, time-
resolved fluorescence spectra and the corresponding DAES of
3Zn, absorption spectrum of 4Zn(7Zn)44Zn, 'H NMR spec-
trum of 7Zn in pyridine-ds and of 4Zn(7Zn),4Zn in CDCl;,

a schematic representation of the equilibrium process of 4Zn-
(7Zn),,,, ,/4Zn, additional AFM images of 7Zn on mica. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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