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Multicomponent self-assembly, wherein two unique donor pre-
cursors are combined with a single metal acceptor instead of the
more common two-component assembly, can be achieved by
selecting Lewis-basic sites and metal nodes that select for hetero-
ligated coordination spheres. Platinum(ll) ions show a thermody-
namic preference for mixed pyridyl/carboxylate coordination
environments and are thus suitable for such designs. The use of
three or more unique building blocks increases the structural
complexity of supramolecules. Herein, we describe the synthesis
and characterization of rectangular prismatic supramolecular co-
ordination complexes (SCCs) with two faces occupied by porphyrin
molecules, motivated by the search for new multichromophore
complexes with promising light-harvesting properties. These prisms
are obtained from the self-assembly of a 90° Pt(ll) acceptor with
a meso-substituted tetrapyridylporphyrin (TPyP) and dicarboxylate
ligands. The generality of this self-assembly reaction is demon-
strated using five dicarboxylate ligands, two based on a rigid central
phenyl ring and three alkyl-spaced variants, to form a total of five
free-base and five Zn-metallated porphyrin prisms. All 10 SCCs are
characterized by 3'P and 'H multinuclear NMR spectroscopy and
electrospray ionization mass spectrometry, confirming the structure
of each self-assembly and the stoichiometry of formation. The pho-
tophysical properties of the resulting SCCs were investigated reveal-
ing that the absorption and emission properties of the free-base and
metallated porphyrin prisms preserve the spectral features associ-
ated with free TPyP.

supramolecular chemistry | metallacages

he use of sunlight is ubiquitous as the input for carbon-
neutral, renewable energy schemes (1). Every strategy that
relies on solar energy conversion, ranging from direct conversion
to electricity in photovoltaics (2) to the generation of fuels via
electrocatalysis (3), photoanode (4, 5), or photocathode devices
(6), or photocatalysis (7) requires that photons be absorbed by
a molecule or material as the first step in providing the driving
force for subsequent transformation. Natural systems have evolved
light-harvesting complexes, comprising multiprotein ensembles
embedded with pigment molecules to enhance photon absorption
for photosynthesis (8). These pigment-rich sites are arranged such
that excitation of a distal chromophore will ultimately result in
energy transfer to a reaction center via a series of migration and
transfer processes (9). Strategies to replicate natural light-har-
vesting complexes necessarily demand the organization of mul-
tiple chromophores (10), a requirement that makes self-assembly
and supramolecular chemistry particularly well suited for such
efforts (11-13). As such, a variety of approaches have been ap-
plied toward the development of new materials that exhibit
broadband absorption and efficient energy transfer (14-16). The
subsequent studies of such materials span investigations of the
fundamental science behind energy migration and transfer, to
practical applications in devices.
Many of these designs incorporate porphyrin-based molecules
(17-22), a pigment that is related to the ubiquitous chlorophyll
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found in natural light-harvesting systems (23). Porphyrins pos-
sess characteristic structural and photophysical properties that
make them well suited for adaptation into artificial designs, not
only for solar energy conversion but also for applications in
photodynamic therapy (24-29), enzyme mimics (30-32), catalysis
(33-37), and molecular electronic devices (38, 39). In the context
of solar energy, many multiporphyrin light-harvesting designs
have been developed ranging from organic polymers, metal-
organic frameworks, and supramolecular ensembles. Porphyrins
are remarkable precursors for incorporation into supramolecular
designs due to their established syntheses that facilitate well-
defined functionalization, the commercial availability of simple
variants, and their ability to accommodate a wide range of metal
ions, thus unlocking suites of complexes for a given design (40,
41). The absorption spectra of porphyrin molecules are domi-
nated by so-called Soret bands in the 380- to 500-nm range,
accompanied by a set of weaker, but still considerably intense Q
bands in the 500- to 700-nm range. Because these bands result in
the absorption of visible photons, the attractiveness of porphyr-
ins in solar conversion schemes becomes apparent. Furthermore,
the emission wavelengths of a given porphyrin may align with its
Q-band absorption, providing the spectral overlap that is re-
quired for efficient energy migration.

Although extended structures such as polymers and metal-
organic frameworks can organize similar numbers of pigments
as are found in natural systems (42—47), their study can be com-
plemented by relatively smaller supramolecules that facilitate
characterization and study, preserving attractive properties such
as solubility and facile tenability (48, 49). As such, coordination-
driven self-assembly has been used to explore porphyrin-based
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supramolecular coordination complexes in traditional one- or
two-component schemes (50-53).

The recent development of new strategies for multicomponent
self-assembly has provided a method to increase the structural
complexity of chromophoric supramolecular coordination com-
plexes (SCCs) wherein three or more building blocks can as-
semble into a single thermodynamically favored product (54, 55).
One method to achieve multicomponent assembly is to identify
metal nodes and ligands that prefer heteroligated coordination
spheres, thus avoiding statistical mixtures of products. For ex-
ample, when Pt(II) ions are combined with pyridyl and carbox-
ylate-based ligands, mixed Pt-N,O coordination environments
are formed exclusively (56). This method has been used recently
to construct a variety of 2D and 3D SCCs and also provides the
basis for supramolecule-to-supramolecule transformation, wherein
a Pt-pyridyl SCC may be mixed in the proper stoichiometry with a
Pt-carboxylate SCC to quantitatively furnish a third multicompo-
nent SCC (56). Furthermore, traditional two-component assembly
typically requires the use of rigid building blocks so as to maintain
the angularity and directionality that determines the structural
outcome of a reaction. In contrast, multicomponent approaches
also permit the use of structurally ambiguous ligands, provided the
remaining building blocks enforce a proper degree of directionality.
As such, alkyl-based building blocks may be used in such self-
assembly schemes, despite the fact that rotation about the carbon—
carbon bonds means that a single orientation of the coordination
vectors is not maintained (57).

We report here a unification of many recent themes of
coordination-driven self-assembly: the formation of multichromo-
phore complexes as motivated by the need for new light-harvesting
materials, multicomponent self assembly using Pt(II) hetero-
ligation, and alkyl-based dicarboxylates in the formation of 3D
prisms that demonstrate a hitherto-underexplored class of build-
ing blocks for coordination-driven self-assembly. The synthesis and
characterization of a suite of 10 prisms is described, thus demon-
strating the structural modularity and tunability that is possible
through self-assembly approaches. Five prisms are formed con-
taining free-based tetrapyridyl porphyrin, with the remaining five
being their Zn-containing analogs. The absorption and emission
properties of the SCCs are evaluated and compared with free tet-
rapyridylporphyrin (TPyP) revealing that, upon incorporation into
prisms, the photophysical properties remain largely unchanged. In
addition, the solubility of the prisms far exceeds that of the parent
TPyP, indicating that coordination-driven self-assembly may be
a powerful method to optimize the physiochemical characteristics
of new light-harvesting materials.

Results and Discussion

Coordination-driven self-assembly reactions typically require a
judicious selection of solvent such that the precursors and any
kinetic intermediates remain soluble. Pyridyl/carboxylate multi-
component systems often demand mixed solvent conditions due
to the different solubility properties of the precursors. Prism 4a
was first obtained by mixing 90° Pt(II) acceptor 1, carboxylate
ligand 2 with TPyP in a ratio of 8:4:2 (Fig. 1). These precursors
were stirred at 70 °C in a mixture of acetone and water (4:1) for
4 h, after which all solvent was removed and the crude product
stirred in pure acetone at 70 °C for an additional 4 h (56).

This route was simplified to a single step upon identifying that
a three-component solvent mixture of CH,Cl,, nitromethane,
and acetonitrile (1:1:1) sufficiently solubilized the starting materials
and subsequent prisms, allowing quantitative self-assembly to occur.
After stirring the building blocks in this mixture for 1 h at 65 °C, 4a—
4e were formed as the sole reaction products based on
P{'H} NMR.

The prisms formed using the rigid dicarboxylate building
blocks 2a and 2b and alkyl-based species 2c-2e were readily
obtained using this method. Attempts to isolate prisms formed
with five-carbon or shorter alkyl spacers were unsuccessful, likely
due to favorable metallacyclic monomers that may arise for
shorter chain lengths. As the dicarboxylate spacer was modified,
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Fig. 1. Self-assembly of tetragonal prisms 4 and 5.

the solubility of the resulting prisms increased with the trend:
isophthalate < terphthalate < C6 < C7 < C8. This is particularly
noteworthy in that the solubility of the prisms far exceeded that of
free TPyP across most organic solvents, including dimethylforma-
mide, nitromethane, acetone, dichloromethane (DCM), chlo-
roform, methanol, and acetonitrile. Neither the prisms nor free
TPyP are appreciably soluble in diethyl ether, hexane, tolu-
ene, and ethyl acetate.

All of the described compounds were characterized by multi-
nuclear NMR (*H, 3'P), and mass spectrometry (electrospray).
The 3'P{'H} NMR spectra of porphyrin prisms 4a—4e show two
coupled doublets, at ~2 and 8 ppm (4a, 7.68 and 2.72 ppm, 2]p_p =
21.0 Hz; 4b, 8.85 and 2.70 ppm, 2Jp_p = 21.1 Hz; 4¢, 7.90 and
1.91 ppm, %/, , = 21.0 Hz; 4d, 7.73 and 1.67 ppm, *J,,, = 21.4 Hz;
4e, 7.43 and 1.67 ppm, 2Jp_p = 21.4 Hz) of similar intensity with
concomitant Pt satellites (SI Appendix, Figs. $11-S15). The
observation of two doublets supports the multicomponent Pt-N,O
heteroligated coordination environment in that the symmetry
of the two capping phosphine ligands is broken, leading to two
unique and coupled resonances. The doublet at ~2 ppm corre-
sponds to the phosphorus nuclei trans to the pyridine, whereas
the doublet at ~8 ppm is due to the phosphorus nuclei opposite
to the carboxylate group. The two doublets of 4a (5.69 and 0.58
ppm in CCl,D,) are upfield-shifted ~3 and 8 ppm, respectively,
relative to that for 1 (8.75 ppm in CCl,D,) upon coordination.
Likewise in the '"H NMR spectra, signals corresponding to the
coordinated pyridyl and carboxylate moieties were observed as
follows: for 4a, 9.38 (Hq.py), 8.41 (Hy.py), and 8.07 (Hpheny1); for
4b, 9.40 (Hg.py), 8.91 (Hphenyt), 8:43 (Hp.py), 8.12 (Hppeny1), and
7.33 Hphenyt); for de, 9.33 (Hq.py), 8.58 (Hg.py), and 2.88
(Ha—carboxylic); for 4da 9.38 (Hoc-Py)a 8.61 (HB-Py)’ and 2.89 (H(x-carboxylic);
for de, 9.39 (Hy.py), 8.64 (Hppy), and 2.90 (Hy.carboxylic)- Elec-
trospray ionization (ESI) mass spectral data further support the
successful self-assembly of tetragonal prisms 4a—4e with the
expected stoichiometry of 8:4:2. As shown in SI Appendix, Figs.
S21-S25, peaks corresponding to intact prisms that are charged
due to the loss of three triflate anions were observed ([M-30Tf]**
at m/z = 2,030.12 for 4a, 2,029.91 for 4b, 2,003.41 for 4¢, 2,022.12
for 4d, 2,040.45 for 4e). All of these peaks are isotopically resolved
and agree well with their theoretical distributions.

Obtaining the Zn-metallated analog of 4a—4e is possible using
one of three methods: (i) direct metallation of the free-base
prisms in a post—self-assembly fashion is possible by stirring a
room temperature solution of 4a—4e with excess Zn(OAc), in
a 3:1 mixture of chloroform and methanol overnight, in analogy
to known procedures (58). This method delivered prisms 5a—5e
in relatively low (<20%) yield. An alternative solvent (CH,Cl,)
and Zn source [Zn(OTf),] improved yields to ~50% and facili-
tated isolation due to the insolubility of the metallated prisms
that deposited from solution; (ii) the possibility of supramolecular-
to-supramolecular transformation was demonstrated by mixing
a PtsTPyP; (6) trigonal prism with free dicarboxylate ligands and
additional 90° donor, inducing a structural change to prism 4 (56).
Similarly, it is possible to transform the Zn analog of 6 into 5a-5e
by introducing the appropriate dicarboxylate ligand and additional
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Pt building blocks to match the necessary 8:4:2 stoichiometry.
These transformations were carried out in the three-solvent mix-
ture of DCM/MeNO,/MeCN (1:1:1) at 50 °C for 5 h (Fig. 2); and
(i) the final route to 5a—Se involves the pre—self-assembly metal-
lation of TPyP, which can then be used in self-assembly reactions
similar to the formation of 4a—4e, wherein the precursors are
simply mixed in an 8:4:2 ratio and stirred at room temperature
overnight i in DCM/MeNO,/MeCN (1:1:1).

The P{'"H} NMR spectra of 5a-5e were similar to their free-
based counterparts as the incorporation of Zn does not have
a large effect on the phosphorus resonances. The 'H NMR
spectra showed larger changes upon metallation, with the peaks
corresponding to the porphyrin protons shifting and a notable
disappearance of the NH protons of the free base (located at
approximately —3 ppm). In addition, the peaks corresponding to
the p-Hs of pyrrole that show up at 9.31 and 7.06 ppm in 4a shift
to 9.15 and 7.13 ppm in 5a due to the coordination of Zn.
Moreover, solutions of the prisms exhibited marked color changes
upon metallation, turning from red to purple.

Finally, mass spectrometry experiments confirmed the for-
mation of the metalized porphyrin prisms. Namely, we could
observe the s1gnals of [M-30Tf]** for all Zn-porphyrin prisms
(IM-30Tf]** at m/z = 2,072.33 for 5a, 2,072.32 for 5b, 2,045.39
for 5¢, 2,064.41 for 5d, 2,083.41 for 5e), whose isotopic distributions
match their simulated spectra (SI Appendix, Figs. S26-S30).

The absorption and emission properties of prisms 4a—4e and
5a—5e were investigated to determine whether orienting two
porphyrins in a cofacial arrangement would have an effect on
their photophysics and to what extent this effect could be tuned by
altering the dicarboxylate (rigidity, separation distance) or metal.

Prisms 4a—4e were investigated in both CH,Cl, and acetone,
whereas 5a-5e were investigated in DMSO and acetone due to
a lack of solubility of TPyP and Zn-TPyP, making it difficult to
find a single solvent to compare all prisms and free precursors
(Table 1 and Fig. 3). The absorption and emission bands ob-
served for 4a—4e were similar to those found for free TPyP.

The prisms displayed the characteristic Soret band in the 420-
to 423-nm range along with four Q bands located at 514-515 nm
(Q4), 548-554 nm (Q3), 589-592 nm (Q2), and 641-644 nm
(Q1). The Q and Soret bands correspond respectively to the first
and second excited singlet states of the porphyrin (59, 60).
Compared with the bands of TPyP, the Soret bands of 4a—4e
showed ~4- to 7-nm red shifts. In addition, a 2- to 4-nm red shift
of the Q bands in complexes 4a—4e was observed as well.
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Fig. 2. Metallation of porphyrin prisms with Zn(ll).
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When the alkyl-chain length is varied between 4c—4e, relatively
minor changes to intensity and wavelength are observed between
the absorption spectra of the prisms. Modest 1- to 2-nm red
shifts occur relative to the Soret bands in 4a and 4b. Likewise,
the molar absorption coeff1c1ents of the Soret band in 4c—4d are
very similar (~642,000 cm™"-M~ ), and only slightly lower than
those in 4a—4b (661,000 cm™"-M~" for 4a and 655,000 cm™-M~" for
4b). These intensities are significantly greater than the Soret band
in free TPyP, as expected due to the presence of two porphyrin
units per prism. Although the intensity is larger for the prisms,
some coupling between the porphyrins is evidenced by the fact that
the Soret band of free TPyP is greater than half that of 4a—e
(359,000 cm™-M™" for TPyP) in CH,Cl,.

The absorption spectra of 5a-5e collected in DMSO showed
typical metallaporphyrin behavior (Fig. 3, Upper Right), display-
ing a characteristic Soret band and three less intensive Q bands
located at 518-522 nm (Q4), 556-559 nm (Q3), and 594-599 nm
(Q2). The Soret bands of 5a and 5c—5e are unchanged compared
with that of Zn-TPyP, and only a 1-nm red shift was observed
in 5b. However, some of the Q bands in 5a-5e appear bath-
ochromically shifted, for example, 1- to 4-nm and 2-nm shifts of
bands Q4 and Q3, respectively, were found in 5b-5e. Similar to
what was observed for 4a—4e, the absorptivity per Zn-porphyrin
unit is lower for the prisms than for free Zn-TPyP. Likewise,
variations of the dicarboxylate ligand cause minor changes to the
intensity and wavelength of the absorption features as well;
however, there is no consistent trend between the systems.

In addition, the absorption spectra of all assembly complexes
4a—4e and 5a-5e were investigated in acetone to investigate the
effect of the coordinated metal (Table 1). A slight bathochromic
shift (4-6 nm) of the Soret band responsible for the purple color
of all assembly complexes 5 is observed. The Q1 band totally
disappeared in 5, and the intensity of the Q4 band decreased
significantly due to a more symmetrical situation in Zn co-
ordinated complex 5 than in complexes 4 with free-base por-
phyrin. The relative intensities of these Q bands (Q3 > Q4) shows
that the zinc metal forms a stable square-planar complex with the
porphyrin in complex 5. The molar absorptlon coefficient of the
Soret band in 5, at 6-8 x 10° cm™"-M~', is comparable to that in 4.

The emission spectra of prisms 4a—de and TPyP were collected
in CH,(Cl, via irradiation of each compound’s Soret band and Q4
band (Fig. 3, Lower Left). Prisms 4a—4e show typical porphyrin-
based fluorescence spectra characterized by two bands at ~645 nm
[Q(0,0)] with hlgh intensity and ~708 nm [Q(O,l)] with low
intensity, corresponding to emission from the S; singlet state of
the porphyrin. The emission spectrum is independent of the
excitation wavelength, due to the S, — S; internal conversion.
Relatively minor shifts (<6 nm) of the emission bands of 4a—4e
were observed with respect to free TPyP. For example, a 2- to
4-nm red shift of the Qo) band was observed in 4a and 4c-4e,
whereas a 2-nm blue shift was observed in 4b. The wavelength of
the Q(o,1) band in 4d—4e was unchanged compared with that in
the free base porphyrin, whereas 5 nm of blue shift was observed
in 4a. It is interesting that the emission profile in 4a—4b changes
compared with 4c—4e, in particular in the relative intensities of
the Q) and Q) bands. It is know that the intensity and
spectral position of the Q) band is very sensitive to the pe-
ripheral substituents and changes of the Qo) band in different
solvents of different porphyrms have been reported (61). Stokes
shifts of 3,903-4,047 cm™" were observed in 4a—4e with quantum
yields between 0.04% and 0.06% (4a: 0.051%; 4b: 0.037%; 4c:
0.056%; 4d: 0.048%; 4e: 0.061%) when measured against rho-
damine 6G. Although there is no clear trend for the quantum
yields in prism 4, it is worth noting that the prism 4b with the
shortest porphyrin—porphyrin distance displays the lowest quan-
tum yield, and 4e with the longest distance display the highest
quantum yield. The variation of quantum yields probably results
from a combination of effects, including the porphyrin—porphyrin
distance and overall rigidity of the structure. Rigidifying the
structure with phenyl ligands may reduce nonradiative vibra-
tional relaxation pathways, but may at the same time introduce

Shi et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408905111/-/DCSupplemental/pnas.1408905111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408905111/-/DCSupplemental/pnas.1408905111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408905111/-/DCSupplemental/pnas.1408905111.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1408905111

L T

/

1\

=y

Table 1. Absorption data of compounds 4a-4e, 5a-5e, and porphyrins in different solvents
}\max: nm
Amaxe MM (€ X 104, cM™M™"),  Aemiss MM, (€ X 10%, cm™"M™"),  Aemiss "M, Amax NM (€ X 104, cM™"M™),  Aemiss NM,
Compound CH,Cl, CH,Cl, DMSO DMSO acetone acetone
4a 420 (66.1), 514 (4.91), 554 (1.82), 647, 703 — — 416 (75.6), 510 (4.91), 542 (1.73), 643, 704
590 (2.24), 642 (1.19) 586 (1.82), 640 (0.85)
4b 421 (65.5), 514 (4.66), 552 (1.99), 643, 707 — — 414 (66.0), 509 (4.08), 542 (1.60), 642, 706
591 (2.07), 641 (1.08) 586 (1.63), 640 (0.85)
4c 422 (64.2), 514 (6.52), 552 (5.81), 649, 707 — — 414 (67.5), 510 (3.97), 542 (1.69), 643, 705
595 (4.06), 643 (2.29) 586 (1.53), 639 (0.77)
ad 422 (64.2), 515 (5.36), 548 (3.18), 647, 708 — — 416 (69.8), 510 (4.11), 542 (1.88), 644, 707
592 (2.69), 644 (1.77) 586 (1.59), 639 (0.78)
4e 423 (64.1), 514 (4.25), 548 (2.30), 647, 708 — — 414 (65.6), 510 (4.11), 542 (2.01), 644, 705
589 (1.87), 644 (1.10) 586 (1.69), 642 (0.96)
4-TPyP 416 (35.9), 512 (2.00), 546 (0.73), 645, 708 — —
586 (0.77), 640 (0.39)
5a — — 426 (99.6), 518 (5.43), 601, 652 420 (76.3), 518 (2.82), 599, 647
556 (5.46), 594 (3.76) 554 (3.76), 586 (2.15)
5b — — 427 (81.0), 519 (3.35), 603, 652 420 (79.9), 517 (1.36), 599, 648
559 (6.06), 595 (3.26) 554 (4.13), 591 (1.50)
5¢ — — 426 (86.7), 522 (1.48), 603, 652 422 (71.1), 516 (1.20), 600, 649
559 (4.12), 595 (1.73) 554 (3.81), 592 (1.28)
5d — — 426 (94.0), 521 (1.80), 602, 653 421 (69.1), 516 (1.13), 602, 650
559 (4.53), 599 (2.01) 554 (3.67), 592 (1.26)
5e — — 426 (102), 521 (1.97), 602, 654 420 (63.2), 516 (1.14), 602, 650
559 (5.11), 599 (2.41) 554 (3.44), 592 (1.28)
Zn-TPyP — — 426 (51.8), 518 (0.81), 602, 653

557 (2.31), 596 (1.02)

electronic communication between porphyrin units and routes for
nonradiative decay. As the prism is expanded, the porphyrin units
become more isolated, better resembling the free TPyP that displays
the highest quantum yield (0.096%). The decrease in quantum
yield of the prisms relative to free TPyP is attributed in part to
the Pt heavy atom effect. Heavy atoms enhance spin-orbit cou-
pling of a formally spin-forbidden deactivation process of the
singlet state of the porphyrin (62). Although Pt is a promising
metal from a structural standpoint, future designs may display
improved photophysical properties by incorporating alternative
metals so as to minimize spin-orbit coupling.

The emission spectra of complexes 5a-5e and Zn-TPyP were
collected in DMSO via irradiation of the Soret band and Q4
bands (Fig. 3). The fluorescence spectra of prisms 5a—5e are
similar to that of Zn-TPyP, with two bands at ~602 and ~653 nm.
Even smaller shifts were observed for 5a-5e relative to Zn-TPyP
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Fig. 3. Absorption (Upper Left) and emission (Lower Left) profiles for TpyP
(red), 4a (blue), 4b (purple), 4c (orange), 4d (yellow), and 4e (green) in DCM.
Absorption (Upper Right) and emission (Lower Right) profiles for Zn-TpyP
(red), 5a (blue), 5b (purple), 5c (green), 5d (yellow), and 5e (orange) in DMSO.
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versus that of 4a—4e and TPyP, with <1-nm differences between
the emission bands of the Zn prisms and Zn-TPyP. Comparing
the emission spectra of complexes 4a—4e with 5a—5e in acetone
(81 Appendix, Figs. S31-S32) shows that insertion of zinc changed
the general shape of the emission spectra and led to a blue shift of
the emission bands (~42 nm) compared with those of the metal-
free porphyrins assemblies.

The fluorescence quantum yields of 5a-5e are relatively in-
variant, with the phenyl-based prisms slightly higher than their
alkyl counterparts (® = 0.17% for 5a, ® = 0.18% for 5b, ® =
0.13% for 5¢, ® = 0.11% for 5d, and ® = 0.10% for 5e). The
quantum yields of the prisms are much lower than that of free
Zn porphyrin (® = 0.59% for Zn-TPyP), attributed to the heavy
metal effect of Pt, as was the case for 4 versus TPyP. Similarly to
what is observed for TPyP and Zn-TPyP, prisms 5a—5e show higher
quantum yields than 4a—4e. The shorter Zn prisms have marginally
higher quantum yields than the longer alkyl spaced variants, sug-
gesting that, for the metallated prisms, rigidifying the structure is
more important than electronically isolating the porphyrin subunits.

Conclusion

Organic chromophore molecules may be readily incorporated
into coordination-driven self-assembly schemes using the di-
rectional bonding approach in efforts to mimic natural light-
harvesting systems. Recent advances in multicomponent self-
assembly motivate the mixed ligand systems reported here,
wherein tetrapyridyl porphyrins are combined with carboxylate
donors and Pt-based acceptors. The thermodynamic preference
for heteroligation of Pt(II) enables the formation of a suite of
prismatic complexes using dicarboxylate donors of differing
lengths and rigidities. We have used this approach to generate 10
such prisms, unifying the themes of coordination-driven self-
assembly, multicomponent architectures, and alkyl-based building
blocks. The tunability of these prisms is further demonstrated
through the formation of both free-base and Zn-metallated ana-
logs. Photophysical investigations reveal that both types of prisms
maintain the attractive properties of their parent porphyrin
building blocks, with minor intensity and wavelength changes
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occurring upon self-assembly. Although the absorption and
emission behaviors are maintained, the solubilities of the prisms
is enhanced relative to the free porphyrins, indicating that such
self-assembly schemes are promising for optimizing the proper-
ties of new light-harvesting materials.

Materials and Methods

cis-Pt(PEt3),(OTf), (1) was prepared according to literature procedures (23).
Dicarboxylic ligand 2 was prepared by neutralization of the corresponding
acid with 2 eq of NaOH or KOH. All other compounds were used as bought
from Sigma-Aldrich, whereas deuterated solvents were purchased from Cam-
bridge Isotope Laboratory. 'H and 3'P{"H} spectra were recorded on a Varian
300 spectrometer and the mass spectra were recorded on a Micromass LCT
Premier XE TOF mass spectrometer using ESI and analyzed using the MassLynx
software suite. The ESI-MS samples were dissolved in acetone. All 'P{'H}
spectra were referenced using a 10% (wt/vol) H3PO, aqueous solution.

General Procedure for Multicompound Self-Assembly 4 and 5. To a 2-dram vial,
cis-Pt(PEt3),(OTf), (1) (4 eq), dicarboxylate ligand (2) (2 eq), and 5,10,15,20-
tetrakis-(4-pyridyl)-21,23H-porphyrin (3) (1 eq) were placed, and the mixed
solvent of MeCN/MeNO,/CH,Cl, (1:1:1) was added. The mixture was stirred
at 60 °C for overnight, and the resulting mixture was cooled and filtered.
The multicomponent self-assembly products were isolated via precipitation
by additions of diethyl ether into the concentrated filtrate.

Synthesis and Characterization of 4a. Reaction scale was as follows: cis-Pt
(PEt3),(OTf), (1) (4.11 mg, 5.64 mmol), potassium tert-phthalate (0.77 mg,
3.67 mmol), 3 (0.88 mg, 1.38 mmol), and 1 mL of solvent. Compound 4a was
obtained as reddish-brown solid (4.2 mg, 93%). "H NMR (300 MHz, acetone-dg):
8§=19.38 (d, 16H, J = 4.1 Hz, a-Py-H), 9.31 (s, 8H, pyrrole-H), 8.41 (d, 16H,
J = 4.1 Hz, p-Py-H), 8.07 (s, 16H, phenyl-H), 7.06 (s, 8H, pyrrole-H), 2.41-2.19
(m, 96H, P-CH,-CH3), 1.57-1.40 (m, 144H, P-CH,-CHs), —3.30 (br, 4H, NH).
3P{"HINMR (acetone-dg, 121.4 MHz): & = 7.68 (d, 2y, = 21.0 Hz, '*Pt satellites,
Uptp = 3,281 Hz), 2.72 (Jp, = 21.0 Hz, Pt satellites, 'y, = 3,682 Hz). ESI-MS
(Ca13H308F 15N16031P16PtsSs) miz: [M-30Tf** 2,030.12.

Synthesis and Characterization of 4b. Reaction scale was as follows: cis-Pt
(PEt3),(OTf), (1) (7.88 mg, 10.81 mmol), sodium iso-phthalate (1.14 mg,
5.44 mmol), 3 (1.96 mg, 2.72 mmol), and 2 mL of solvent. Compound 4b was
obtained as reddish-brown solid (8.2 mg, 94%). "H NMR (300 MHz, acetone-dg):
8 = 9.40 (s, 16H, a-Py-H), 9.34 (s, 8H, pyrrole-H), 8.91 (s, 4H, Ph-H), 8.43
(s, 16H, B-Py-H), 8.12 (d, 8H, J = 6.7 Hz, phenyl-H), 7.74 (s, 8H, pyrrole-H), 7.33 (t,
4H, J = 6.5 Hz, phenyl-H), 2.35-2.21 (m, 96H, P-CH,-CHs), 1.48 (m, 144H, P-CH»-
CHs), =3.29 (br, 4H, NH). *'P{'"HINMR (acetone-ds, 121.4 MHz): 6 = 8.85 (d, %, =
21.1 Hz, Pt satellites, "Jor.p = 3,258 Hz), 2.70 (Y, = 21.1 Hz, "*Pt satellites,
Uptp = 3,440 Hz). ESI-MS (Cy13H308F15N16031P16PtsSs) miz: [M-30TfI*+ 2,029.91.

Synthesis and Characterization of 4c. Reaction scale was as follows: cis-Pt
(PEt3),(OTf), (1) (9.22 mg, 12.65 mmol), potassium hexanedioate (1.30 mg,
6.19 mmol), 3 (2.01 mg, 3.16 mmol), and 2 mL of solvent. Compound 4c was
obtained as reddish-brown solid (9.2 mg, 90%). "H NMR (300 MHz, acetone-dj):
8 =9.38 (s, 8H, pyrrole-H), 9.33 (m, 16H, o-Py-H), 8.58 (d, 16H, J = 5.4 Hz,
B-Py-H), 8.35 (s, 8H, pyrrole-H), 2.88 (br, 16H, CO,CH,), 2.30-2.10 (m, 96H,
P-CH,-CH3), 1.64 (s, 16H, CH>), 1.52-1.36 (m, 144H, P-CH,-CHs), —3.01 (br, 4H,
NH). *'P{"H}NMR (acetone-ds, 121.4 MHz): § = 7.90 (d, %Jp, = 21.0 Hz, '°°Pt
satellites, "Jor.p = 3,288 Hz), 1.91 (3J,, = 21.0 Hz, **Pt satellites, "Jpr.p = 3,392
Hz). ESI-MS (Ca05H324F 15N16031P16PtsSs) m/z: [M-30TF]3* 2,003.41.

Synthesis and Characterization of 4d. Reaction scale was as follows: cis-Pt
(PEt3)»(OTf), (1) (8.37 mg, 11.98 mmol), potassium heptanedioate (1.29 mg,
6.09 mmol), 3 (1.95 mg, 3.06 mmol), and 2 mL of solvent. Compound 4d was
obtained as reddish-brown solid (8.8 mg, 91%). "H NMR (300 MHz, acetone-dg):
8 = 9.38 (m, 16H, a-Py-H), 9.32 (s, 8H, pyrrole-H), 8.61 (m, 24H, p-Py-H,
pyrrole-H), 2.89 (br, 16H, CO,CH,), 2.29-2.13 (m, 96H, P-CH,-CH3), 1.69 (m,
24H, CH,), 1.51-1.36 (m, 144H, P-CH,-CHs), —2.98 (br, 4H, NH). 3'P{"H}NMR
(acetone-ds, 121.4 MHz): § = 7.73 (d, %y, = 21.4 Hz, '**Pt satellites, "Jprp =
3,237 Hz), 1.67 (*Jp, = 21.4 Hz, "?°Pt satellites, "Jprp = 3,360 Hz). ESI-MS
(C209H332F15N16031P16PtsSs) miz: [M-30TH3+ 2,022.12.

Synthesis and Characterization of 4e. Reaction scale was as follows: cis-Pt
(PEt3)>(OTf), (1) (8.75 mg, 12.02 mmol), potassium octanedioate (1.31 mg,
6.11 mmol), 3 (1.94 mg, 3.06 mmol), and 2 mL of solvent. Compound 4e was
obtained as reddish-brown solid (9.0 mg, 91%). "H NMR (300 MHz, acetone-dj):
8 =9.39 (br, 16H, o-Py-H), 9.28 (s, 8H, pyrrole-H), 8.73 (s, 8H, pyrrole-H,),
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8.64 (s, 16H, p-Py-H), 2.90 (m, 16H, CO,CH,), 2.30-2.12 (m, 96H, P-CH,-CH),
1.61 (m, 16H, CH,), 1.50-1.36 (m, 144H, P-CH,-CH), 1.22 (m, 16H, CH,), —2.97
(br, 4H, NH). *'P{"H}NMR (acetone-ds, 121.4 MHz): § = 7.43 (d, Jp., = 21.4 Hz,
195pt satellites, "Jptp = 3,282 Hz), 1.67 (Y, = 21.4 Hz, "*Pt satellites, Jpr.p =
3,373 Hz). ESI-MS (C213H340F15N16031P16PteSs) miz: [M-30Tf]+ 2,040.45.

Synthesis and Characterization of 5a. Reaction scale was as follows: cis-Pt
(PEt3)(OTf), (1) (5.73 mg, 7.85 mmol), potassium tert-phthalate (0.95 mg,
3.93 mmol), Zn-3 (1.34 mg, 1.96 mmol), and 2 mL of solvent. Compound 5a
was obtained as purple solid (6.2 mg, 95%). '"H NMR (300 MHz, acetone-dg):
8 = 9.36 (m, 16H, a-Py-H), 9.15 (s, 8H, pyrrole-H), 8.35 (m, 16H, B-Py-H), 8.09
(s, 16H, phenyl-H), 7.13 (s, 8H, pyrrole-H), 2.41-2.17 (m, 96H, P-CH,-CHs), 1.58-
1.40 (m, 144H, P-CH,-CHs). 3'P{"H}NMR (acetone-ds, 121.4 MHz): & = 7.56
(d, Ypp = 20.8 Hz, "**Pt satellites, Jpr.p = 3,245 Hz), 2.62 (3, = 21.4 Hz, "%°Pt
satellites, "Jorp = 3,463 Hz). ESI-MS (Ca16H30aF2aN16040P16PtsSeZn;) miz:
[M-30Tf]** 2,072.33, [M-40Tf]** 1,516.35.

Synthesis and Characterization of 5b. Reaction scale was as follows: cis-Pt
(PEt3)(OTf), (1) (4.03 mg, 5.52 mmol), sodium jso-phthalate (0.60 mg,
2.86 mmol), 3 (0.94 mg, 1.38 mmol), and 1 mL of solvent. Compound 5b was
obtained as purple solid (4.1 mg, 90%). "H NMR (300 MHz, acetone-dg): & =
9.36 (m, 16H, a-Py-H), 9.21 (s, 8H, pyrrole-H), 8.96 (s, 4H, Ph-H), 8.36 (d, 16H,
J =5.7 Hz, p-Py-H), 8.12 (d, 8H, J = 6.7 Hz, phenyl-H), 7.76 (s, 8H, pyrrole-H),
7.32 (t, 4H, J = 7.5 Hz, phenyl-H), 2.39-2.12 (m, 96H, P-CH»-CH3), 1.57-1.41
(m, 144H, P-CH,-CHs). 3'P{"H}NMR (acetone-ds, 121.4 MHz): & = 8.77 (d,
2Jop = 21.4 Hz, "%°Pt satellites, "Jorp = 3,264 Hz), 2.65 (3, = 20.8 Hz, '9°Pt
satellites, 1th,p = 3,440 Hz). ESI-MS (C516H304F24N16040P16Pt8SsZn5) m/z:
[M-30Tf]** 2,072.32, [M-40Tf]** 1,516.85.

Synthesis and Characterization of 5c. Reaction scale was as follows: cis-Pt
(PEt3)»(OTf), (1) (4.28 mg, 5.87 mmol), potassium hexanedioate (0.65 mg,
2.94 mmol), Zn-3 (1.00 mg, 1.47 mmol), and 1 mL of solvent. Compound 5c
was obtained as purple solid (4.4 mg, 90%). '"H NMR (300 MHz, acetone-dg):
8 =9.26 (M, 16H, a-Py-H), 9.19 (s, 8H, pyrrole-H), 8.48 (d, 16H, J = 5.4 Hz, p-Py-H),
8.37 (s, 8H, pyrrole-H), 2.80 (br, 16H, CO,CH,), 2.29-2.15 (m, 96H, P-CH,-CH3),
1.63 (s, 16H, CH>), 1.50-1.35 (m, 144H, P-CH,-CHs). 3'P{"H}NMR (acetone-ds,
121.4 MHz): § = 7.82 (d, %J,., = 20.8 Hz, '?*Pt satellites, "Jpr, = 3,283 Hz),
1.88 (Jyp = 20.8 Hz, '%Pt satellites, "Jorp, = 3,368 Hz). ESI-MS (CaogH320-
F24N16040P16PtgSgZn,) m/z: [M-30Tf]** 2,045.39, [M-40Tf]** 1,497.38.

Synthesis and Characterization of 5d. Reaction scale was as follows: cis-Pt
(PEt3),(OTf), (1) (7.44 mg, 10.20 mmol), potassium heptanedioate (1.21 mg, 5.12
mmol), Zn-3 (1.74 mg, 2.55 mmol), and 2 mL of solvent. Compound 5d was
obtained as purple solid (7.7 mg, 91%). "H NMR (300 MHz, acetone-dg): & = 9.29
(m, 16H, a-Py-H), 9.15 (s, 8H, pyrrole-H), 8.65 (s, 8H, pyrrole-H), 8.52 (d, 16H, J =
5.4 Hz, p-Py-H,), 2.80 (br, 16H, CO,CH,), 2.26-2.10 (m, 96H, P-CH,-CHs), 1.66
(m, 24H, CH.), 1.49-1.34 (m, 144H, P-CH,-CHs). 3'P{'"HINMR (acetone-ds, 121.4
MHz2): § = 7.68 (d, 2Jp, = 21.4 Hz, Pt satellites, "Jrp = 3,248 Hz), 1.67 (YJpp =
21.4 Hz, "Pt satellites, "Jyrp = 3,404 H2). ESI-MS (Cz12H328F24N16040P16PtsSsZN2)
m/z: [M-30Tf]>* 2,064.41, [M-40Tf]** 1,511.42.

Synthesis and Characterization of 5e. Reaction scale was as follows: cis-Pt
(PEt3),(OTf), (1) (6.18 mg, 8.47 mmol), potassium octanedioate (1.06 mg,
4.23 mmol), Zn-3 (1.43 mg, 2.10 mmol), and 2 mL of solvent. Compound 5e
was obtained as purple solid (6.54 mg, 93%). "H NMR (300 MHz, acetone-dp):
8 =9.27 (br, 16H, a-Py-H), 9.12 (s, 8H, pyrrole-H), 8.74 (s, 8H, pyrrole-H,), 8.54
(d, 16H, J = 5.4 Hz, p-Py-H), 2.80 (m, 16H, CO,CH>), 2.31-2.09 (m, 96H, P-CH»-CHs),
1.57 (m, 16H, CH,), 1.48-1.33 (m, 144H, P-CH,-CHs), 1.23 (m, 16H, CH,).
3IP{"HINMR (acetone-ds, 121.4 MHz): § = 7.37 (d, %Jp,, = 20.8 Hz, '%Pt satellites,
Yprp = 3,253 Hz), 1.70 (., = 20.8 Hz, '¥Pt satellites, "Jpr, = 3,392 Hz). ESI-MS
(Car6H336F2aN160a0P16PtsSsZn;) miz: [M-30TFP* 2,083.41, [M-4OT]** 1,525.43.

Spectroscopic Measurements. Absorption and fluorescence spectra were recorded
on a Hitachi U-4100 and Hitachi F-7000 Spectrophotometer, respectively, with
aerated spectroscopic-grade DCM, acetone, and DMSO (Sigma-Aldrich) at room
temperature. The cells used in the experiments were 1-cm quartz cuvettes from
Starna Cells. All samples were freshly prepared for each measurement. The ex-
tinction coefficients were determined by preparing four samples ranging in
absorption from 0.01 to 1.0 with concentrations of 0.3-2.0 uM. The molar ab-
sorptivities for each solution were then calculated using Beer's Law, and the four
were averaged. Subsequent samples were then prepared to confirm the ex-
tinction coefficients. The fluorescence quantum yield for 4 was calculated using
rhodamine 6G standard (® = 0.88 in ethanol) (63), and the fluorescence quan-
tum yield for 5 was calculated using rhodamine B (® = 0.50 in ethanol) (64).
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