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The efficient self-assembly and functional characterization of arrays containing multiple types of chromophores will
provide a basis for the design and applications of functional photonic materials that are unobtainable using only
one type of molecule. The design, synthesis, and characterization of supramolecular systems bearing two different
types of porphyrinic chromophores, porphyrins and porphyrazines, are reported. Because the porphyrins and
porphyrazines bear different exocyclic ligands for self-assembly by metal ion coordination, these systems require
new supramolecular synthetic strategies wherein reactants are added in a specific order. These arrays display
unique photophysical properties derived from the component chromophores, the metal geometry, and the
supramolecular nanoarchitecture.

Introduction such that the electron-rich Pz macrocycle has substantially
different photophysical and chemical properties than por-
phyrins (Por), yet still bind most metdis® A variety of Pz
derivatives functionalized at boghpositions of one to four
f the pyrroles have been ma#ié,including derivatives that
ave geminal Lewis bases, such as dimethylamino and thiol
groups. Because these exocyclic ligands are conjugated to
the macrocycle, metal ion binding can significantly alter the
electronic and therefore physical properties of thé4¥7:%13
The meso nitrogen can also participate in exocyclic metal
binding. An example of the properties arising from a

A variety of applications of chromophoric materials, such
as solar energy harvesting, energy transfer, and photonics
require more than one type of functional molecule to cover
a wider range of the solar spectra, ensure excited-state energ
flow is vectoral, and provide diverse ground-state and
excited-state redox properties. For most of the aforemen-
tioned applications, the supramolecular nanoarchitecture of
the chromophores is as important as the photophysical
properties of the molecular components.

Though first synthesized more than 50 years agor-
phyrazines (Pz) are considerably less studied than other (5) Montalban, A. G.; Jarrell, W.; Riguet, E.; McCubbin, Q. J.; Anderson,
porphyrinoids; however, new synthetic strategies have paved ll\a/l.' 5 JV.VB':S.' ’é-hé-m Pz-bg\(’]"'(';a;‘;‘i%_%ﬁ;”etty A. G. M.; Hoffman,
the way for further exploration of their physical properties (6) Michel, S. L. J.; Hoffman, B. M.; Baum, S. M.; Barrett, A. G. M.
and potential applicatior’s® The nitrogens in the meso Prog. Inorg. Chem?2001, 50, 473-590.
positions of these tetraazaporphyrins modulate the properties (/) f122 M 3ier, ©2 Balett, A G- My Hoffman, B. tngew. Chem.
(8) Sakellariou, E. G Montalban, A. G.; Beall, S. L.; Henderson, D.;
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hunter.cuny.edu. B. M. Tetrahedron2003 59, 9083-9090.
T Hunter College of CUNY. (9) Ehrlich, L. A.; Skrdla, P. J.; Jarrell, W. K.; Sibert, J. W.; Armstrong,
* University of Maryland. N. R.; Saavedra, S. S.; Barrett, A. G. M.; Hoffman, B.Ikbrg. Chem.
8 Rockefeller University. 200Q 39, 3963-3969.
I'Present address: National Institute of Standards and Technology, (10) Goldberg, D. P.; Michel, S. L. J.; White, A. J. P.; Williams, D. J.;
Gaithersburg, MD 20899. Barrett, A. G. M.; Hoffman, B. M.norg. Chem.1998 37, 2100~
(1) Cook, A. H.; Linstead, R. Rl. Chem. Soc1937, 929-932. 2101.
(2) Baumann, T. F.; Barrett, A. G. M.; Hoffman, B. Nhorg. Chem. (11) Sakellariou, E. G.; Montalban, A. G.; Meunier, H. G.; Ostler, R. B.;
1997, 36, 5661-5665. Rumbles, G.; Barrett, A. G. M.; Hoffman, B. Ml. Photochem.
(3) Goldberg, D. P.; Montalban, A. G.; White, A. J. P.; Williams, D. J.; Photobiol., A200Q 136, 185-187.
Barrett, A. G. M.; Hoffman, B. M.Inorg. Chem.1998 37, 2873~ (12) Michel, S. L. J.; Barrett, A. G. M.; Hoffman, B. Mnorg. Chem.
2879. 2003 42, 814-820.
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M. Inorg. Chem.1998 37, 6435-6443. Inorg. Chem.2004 43, 3377-338.
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bimetallic Pz system is the elegant report on the magnetic Typical Electrospray lonization Mass Spectroscopy (ESI-MS)
coupling of high-spin metalloporphyrazines to high-spin Method. Solutions (-0.05 mM) in toluene were injected using
metals coordinated at exocyclic positidié Architecturally, acetonitrile/water (50:50 v/v) containing 1% trifluoroacetic acid,
Pz can be monotopic, “L’-shaped 9@litopic, “I’-shaped positive-ion mode, and the fragme.ntor voltagg between 1.00 .a.nd
180 ditopic, or have “T"- or “X"-shaped topologié&which 350 V. AFM data were taken m_tapplng mode with a I_:’ark Scne_n_tlflc
makes them suitable for a diverse array of supramoIecularInstruments Auto Probe CP microscope under ambient conditions.

- o . The supramolecular arrays were deposited on the freshly cleaved
materials self-assembled by coordination chemiStrs mica surface via the drop-dry method, subsequently rinsed with

such, Pz can be topologically complementary to Por bearingtomene, and dried under a stream of. [Even in tapping mode,

meso ligands such as pyridyl moieties. sufficient shear of the molecules at the surface occurs for displace-
Because their chemical, photophysical, and architectural ment to be observed.

properties are complementary to porphyrins, Pz are logical

building blocks for the construction of supramolecular arrays Results and Discussion

containingboth chromophores. Since the first publication

of discrete porphyrin arrays assembled by coordination

chemistry!” the supramolecular chemistry of P&rg°

remains a rapidly growing field. Conversely, the supramo-

lecular chemistry of Pz remains virtually unexplored beyond

self-assembled squar&sWe present herein the design,

synthesis, and characterization of a series of robust, discret

Por—Pz tetramers self-assembled via coordination chemistry. ments that vield information on the stoichiometry and the
While aggregates containing mixtures of two oppositely : y y
charged porphyrinoids (phthalocyanines, Por, and P2) haVeself assembly process. Conversely, Pt(ll) arrays are less
ged porp _y23 P ocyanines, Far, labile, affording greater isolated yields. The presence of the
been reportedt 2% as have Pz dimers irreversibly assembled o
two methyl groups on the exocyclic nitrogens of the Pz

via geminal thiol coordination to mgtal lons Sl.'ICh. as NF.{’H)’. increases the kinetic barrier to metal binding and induces
the systems presented here constitute premier investigations

into the formation of discrete supramolecular arrays contain- deformations in the otherwise planar geometries of these
. sup . . y metals due to steric interactions but impart oxidative stability
ing both chromophores. Unique functionality arises from

2 . : . to the Pz macrocycles.
significant electronic coupling of the macrocycles mediated ) .
b Cn Several supramolecular architectures of+2” Por—Pz

y the metal ion linker. - .

arrays can be envisioned such as in Scheme 1, and several
synthetic strategies can be employed for their fabrication.
Merely mixing the appropriate stoichiometries of the Por,
Reagents and Physical Measurementall solvents were HPLC Pz, and M(Il) (2:2:2) does not produce significant quantities

grade from Fisher Scientific. Silica gel (Selecto Scientific;-83 of the desired array since the binding geometries of the
um average particle size) was used for flash column chromatog- puilding blocks are not predisposed to form discrete, closed,
raphy (FCC). MALDI-MS were done as a service by the facility at - sypramolecular systedtd®2ssuch as squar&sor grids?®
the Umvers;tydof lllhnggLaZg(;bGEaChavmp-algr{}l;'é\l':\),Ao% T\E’ﬁc"a and there are significant differences in the binding constants
were recorged on £ avanan i £0'a for the geminal diamino chelates versus the pyridines to the

Varian 500 MHz instrument. Chemical shifts are reported in ppm square planar metals. The arravs can. however. be svnthe-
relative to TMS. NMR assignments are consistent with those g P : Y ! ’ Yy

published previously. Agilent Technologies HP 1100 LC/MSD and size_d in two steps in-75% spgctroscopic yield_s for th_e Pd-
a Cary Bio-3 were used. A Spex tau-3 fluorometer was used in (Il)-linked systems and-60% yields when Pt(l) is the linker
right-angle mode on samples degassed with N (Scheme 1). In addition to the free base components, the

Ni(INPz and Zn(ll)Por derivatives can also be successfully
(14) Zhao, M.: Zhong, C.; Stern, C.; Barrett, A. G. M.; Hoffman, B. M. used. An alternative route that first makes the Pt(ll) adducts

Arrays Synthesis.The coordination chemistry of exocy-
clic pyridyl Por}517.2426 and geminal dimethylamino P2
to Pt(Il) and Pd(ll) is already established, and the coordina-
tion chemistry of the assemblies described herein is consistent
with these motifs. Specifically, the solution-phase yields are
e'greater and there are lower barriers to complex formation
with Pd(ll) linkers, thus allowing various titration experi-

Experimental Section

) /?)m._ChCemN.I S;\)lt_?_OQS }:27'\/9769;971\5'3 L h of Pz 1 or Pz 2 and then add®or 3 or Por 4 yields the
rain, C. M.; Nifiatis, F.; Vasenko, A.; Batteas, J. gew. em., H 0, H H
Int. Ed. 1008 37, 2344-2347. same arrays, albeit at30/o yields, which further supports
(16) Cheng, K. F.; Thai, N. A.; Teague, L. C.; Grohmann, K.; Drain, C. the proposed nanoarchitecture of the tessellated arrays.
M. Chem. Commur2005 4678-4680. Because of the aforementioned robustness, the Pt(ll) arrays

(17) Drain, C. M.; Lehn, J.-MChem. Commuril994 2313-2315. . . . .
(18) Drain, C. M.; Chen, X. IfEncyclopedia of Nanoscience & Nanotech- ~ are described in detail herein.

gg'cg’gyv’;‘f‘"é"ab géss” Ed.; American Scientific Press: New York,  \\/e previously reported the formation of Pt(ll)-linked Por
(19) Drain, C. M.; Smeureanu, G.; Batteas, J.. Patel, SDekker dimers and squarés,as well as the 3x 3 tessellation of

Encyclopedia of Nanoscience and Nanotechngl@phwartz, J. A., nine porphyrins and longer tapes using the same strategies

Contescu, C. I., Putyera, K., Eds.; Marcel Dekker: New York, 2004;

Vol. 5, p 3481.
(20) Drain, C. M.; Goldberg, I.; Sylvain, |.; Falber, Aop. Curr. Chem. (24) Drain, C. M.; Batteas, J. D.; Flynn, G. W.; Milic, T.; Chi, N.; Yablon,

2004 245, 55—-88. D. G.; Sommers, HProc. Natl. Acad. Sci., U.S.2002 99, 6498
(21) Salabert, I.; Tran-Thi, T.-H.; Ali, H.; van-Lier, J.; Houde, D.; Keszei, 6502.

E. Chem. Phys. Lettl994 223 313-317. (25) Drain, C. M.; Hupp, J. T.; Suslick, K. S.; Wasielewski, M. R.; Chen,
(22) van Nostrum, C. F.; Nolte, R. J. NChem. Communl996 2385~ X. J. Porph. Phthal2002 6, 243-258.

2392. (26) Milic, T. N.; Chi, N.; Yablon, D. G.; Flynn, G. W.; Batteas, J. D.;
(23) Tran-Thi, T.-H.Coord. Chem. Re 1997 160 53-91. Drain, C. M. Angew. Chem., Int. ER002 41, 2117-2119.
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Scheme 1

in the context of higher-order arraysBoth of these reports  tetrameric array since the chemical shift changes observed
have served as the conceptual bases for a large number ofor the methyl groups are diagnostic of coordination to the
1- and 2-dimensional porphyrinic construtts® The forma- square planar metal (3.7 to 3.9 and 3.3 ppm). Computational
tion of the dimer moietie® and 6 proceeds in high yields  studies suggest that the two observed resonances result from
because the binding topology of the monomers favors one methyl tilting toward the porphyrin and one toward the
formation of the closed supramolecular system. The removal porphyrazine; similar to the twisting about the metal center
of the chloride counterions on the tapes with Ag(QIO observed for Pt(ll)-linked Pz dimefsS There is an~50%
facilitates the coordination of the remaining two sites by the broadening of both thé&l-methyl and thetert-butyl reso-
exocyclic geminal amino groups on the Pz to yield the nances; indicating a higher-molecular-weight species. The
tetrameric arrays/ and 8. MALDI-MS of the reaction H NMR of array8 exhibits a broad peak for the NH and a
mixture resulting from the stoichiometric addition of Ag- similar broadening of theert-butyl group resonances as
(CIOy), PA(CIQ),, or Pt(CIQ). to the 1:1 mixture of Pzand  observed for array.

Por indicates that the yield of the PZPor, array is only ca. Optical Properties. The observed complex photophysical
5% and there is a plethora of uncharacterized oligomeric properties of the arrays arise from both the chromophores
materials. and the nanoarchitecture. The electronic absorption spectra

The characterization of these arrays is straightforward of Por and Pz depend on the substitution pattern and nature
(Supporting Information). MALDI mass spectra indicate the of the peripheral groups and are generally described by the
formation of array¥ and8. The'H NMR of arrays bearing ~ Gouterman four-orbital modél. Since the pyridyl groups
the dimethylamino groups, e.@, indicate formation of the ~ onPor 3 and4 are nominally orthogonal to the macrocycle,
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Figure 1. UV-—uvisible spectra of a &M solution of array8 in toluene
(black), compared to the added spectra of\d tape 5 and 5uM of the
PdC}h adduct of P2 in the same solvent (gray).

only small changes in the UWvisible spectra are observed
upon formation of the intermediate tapes, e.g., a red-shift

and broadening of the Soret band. Compared to tetraarylpor-

phyrins, Pz such akand2 have more intens®-bands that
are to the red, and a blue-shifted Soret band that is

Figure 2. Fluorescence emission spectra of array8&rmwherein the
porphyrins are both metalated with Zn(ll), indicates significant energy
transfer from the porphyrin tiles to the porphyrazine tiles. Excitation at
432 nm, black lines—, where the porphyrin optical density is ca. 11 times
that of the Pz shows a substantial Pz emission and a quenched emission of
the porphyrin tape. Excitation at 565 nm, black- —, where the Pz absorbs

ca. 2 times the Por, results in predominantly a Pz emission peak. The
fluorescence spectra of the starting components are shown for comparison:
the bis Zn(ll) tapes (grey line, — excitation at 429 nm); and Pz (gray

line, — — — excitation at 623 nm).

where the Por absorption is11 times that of the Pz, the

significantly diminished because the lone pairs of electrons emission from the Por tiles is significantly diminished and

on the exocyclic amino nitrogens are conjugated to the the emission from the Pz tiles is enhanced. When the
aromatic macrocycle and the 1+ p* transitions*® Thus excitation light is centered at 565 nm where the Pz absorbs
metal ligation by the exocyclic nitrogens has a significant ~3 times the Por, the Pz emission at 740 nm dominates the
impact on the electronic spectra of Pz. For example, the spectrum. These observations are consistent with previous

significantly sharpened and blue-shifted Bezbands are
highly diagnostic for the chelation of Pt(Il) by the geminal
amino groups orl or 2. The UV—visible spectra of arrays

7 and8 (Figure 1) are diagnostic in terms of changes in both

the Por and Pz spectral components. As with other coplanar,

Por arrays, the Soret bands of the Por7imnd 8 further

reports on electronic coupling mediated by Ptffl).

Surface Deposition.A conundrum for supramolecualr
chemistry-especially for discrete self-assembled arrays such
as those discused heretis that many applications of these
materials require deposition onto surfaces, but the deposition
process oftentimes signifigantly changes the supramolecular

red-shift and broaden compared to the tapes. The cOmpleXgi,ctyre or results in disassemb¥+26 Since the nanoar-

changes in the P@-bands are consistent with both chelation
of the metal ion and with interactions with the porphyrin
tiles; notably, the lowest enerdy-band red-shifts and gains
intensity. The red-shifted absorption bands arise from the
edge-to-edge electronic interactions between chromopticfes.

The electronic spectra are also affected by the electronic

structure of the Pt(ll) linkers, which are ‘conjugated’ to the
Pz & system and the pyridyl moieties, providing effective
mediation of electronic coupling between the chromoph®res.
Thus, the electronic spectra are indicative of substantial
electronic communication between all four chromophores,
and that they are in a nominally coplanar arrangement.

The red-shifted fluorescence emission spectra (Figure 2)
are consistent with the optical spectra and reveal that there

is substantial energy migration from the porphyrins to the
porphyrazines. When a solution of arrdn, 8 (with two
Zn(ll) Por) is excited at 432 nm in the porphyrin Soret band,

(27) Gouterman, M.; Wagniere, G. H.; Snyder, L. XI.Mol. Spectrosc.
1963 11, 108-127.

(28) Kasha, M.; Rawls, H. R.; EI-Bayoum, M. Rure Appl. Chem1965
11, 371-392.

(29) Hunter, C. A.; Sanders, J. K. M. Am. Chem. So499Q 112, 5525~
5534.

(30) Hissler, M.; McGarrah, J. E.; Connick, W. B.; Geiger, D. K
Cummings, S. D.; Eisenberg, Roord. ChemRev.200Q 208 115—
137.

chitecture of photonic materials dictates the photophysical
properties, it is essential to investigate the supramolecular
structure of arrays such &and8 on surfaces relevent to
the intended application. Initial studies of drop-cast films of
arrays7 and 8 on mica were examined by AFM. These
cationic arrays were expected to interact well with the anionic
surface of mica, and we find that they indeed form uniform
ultrathin films (Figure 3). Both UV visible and fluorescence
studies indicate the array remains intact on mica. The
diaphanous films can be manipulated by an AFM tip, and
nanoshaving experiments reveal a thickness of €& 2m.

The mobility of the supramolecular systems on mica likely
arises from several factors which weaken the surface
supermolecule interactioid${1) the methylamino antért-
butylphenyl groups are orthogonal to the plane of the
supramolecular tiles and present bulky, hydrophobic groups
to the mica surface, (2) the deviations from the square planar
geometry about the four Pt(Il) results in a nonplanar
supramolecular array (especially for aridyand (3) as with

all self-assembled systems, supramolecular conformational
dynamics diminish surfacesupermolecule interactions.

(31) Milic, T.; Garno, J. C.; Smeureanu, G.; Batteas, J. D.; Drain, C. M.
Langmuir2004 20, 3974-3983.
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require new supramolecular synthetic strategies. The pho-
tophysical properties of arrays such Asnd 8 are due to
both the component porphyrins and porphyrazines and to
the exact nanoarchitecture of the arrays. The supramolecular
synthetic principles described herein, as well as the ability
to fine-tune the physical properties of these arrays via
metalation of one or both chromophores with virtually any
transition metal(s), indicates a rich variety of supramolecular
materials with predictable functionalities can be designed.
For example, the properties of these materials can be
exploited for sensors, catalysts, and solar energy harvesting.
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Supporting Information Available: Other supramolecular
synthetic schemes, scheme of Pz topologies, selecteeMisible,

The topological design principles that have been used to mass-spectral, and fluorescence data. This material is available free
make a myriad of porphyrinic arrays and materials can be of charge via the Internet at http://pubs.acs.org.
similarly applied to the creation of discrete arrays composed
of two different porphyrinoid chromophores, but the latter 1C060448m

Conclusions
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