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Controlling Polymer Properties through Dynamic Metal-Ligand Interactions:
Supramolecular Cruciforms Made Easy
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Abstract: A straightforward methodol-
ogy towards the supramolecular syn-
thesis of novel organometallic poly-
mers with attractive optical properties
is presented. By coordinating bifunc-
tional fluorescent cruciform molecules
through ditopic metalated pincer com-

materials by employing metal coordi-
nation was monitored by 'HNMR
spectroscopy, the association strength
of the metal-ligand interaction was
measured by isothermal titration calo-
rimetry, the solution polymeric proper-
ties were evaluated by viscometry, and

the optical properties were measured
and observed by fluorescence spectros-
copy. The fast and quantitative synthe-
sis of a wide range of prefabricated
monomeric cruciform and metalated-
pincer-complex components will allow
for the rapid generation, growth, and

plexes (Pd or Pt), we have synthesized
a new class of well-defined coordina-
tion polymers that have controllable
and tunable physical and photophysical
properties. The formation of these new

forms -

Introduction

Conjugated and fluorescent molecules are candidates for in-
tegration into electro-optical and light-emitting devices
(LEDs) because of their electrical, optical, and redox prop-
erties.'™®) Polymeric-based systems are desirable owing to
their good mechanical and film forming properties. Such sys-
tems are amenable to solution processing.””! Supramolecular
polymeric systems based on the assembly of monomeric
units by using noncovalent interactions add an additional
level of control. Such materials have the potential to com-
bine the processability and mechanical properties of a tradi-
tional polymeric system without the long-range defects and
functional-group intolerance of covalent polymerization
methodologies.["! Self-assembled materials are dynamic sys-
tems with reversible interactions that are responsive to envi-
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optimization of this new class of func-
tional polymers, which have potential
electronic and optical applications.

cruci-
o poly_

ronmental stimuli, which allows the polymeric properties to
be adjusted for specific applications. Intense research in this
area has yielded supramolecular polymeric materials based
on conjugated building blocks with novel applications rang-
ing from tissue engineering® to electronic applications.!"!
Rowan, Weder, and co-workers have used metal-ligand in-
teractions to form supramolecular fluorescent phenylene
ethynylene coordination polymers that can be easily proc-
essed into films and fibers."'"* We have investigated cross-
conjugated fluorescent cruciform-shaped molecules as new
electro-optical materials owing to their unique proper-
ties,> 21 as well as distyrylbenzene-substituted poly(para-
phenylene ethynylene)s.””) More recently, we have reported
our preliminary results on the polymerization of cruciforms
by using noncovalent strategies (Scheme 1).2! These investi-
gations were based on the fluorescent cruciform 1, which is
a building block that can be linearly polymerized through
simple metal coordination via its terminal pyridyl moieties
by means of coordination to the bispalladated pincer com-
plex 2. The fast and quantitative self-assembly of these
building blocks into polymer 1P can be accomplished by
simply mixing the two components under ambient condi-
tions. We confirmed that the self-assembly event had occur-
red by '"HNMR spectroscopy, and also showed that there
was a molecular-weight dependence of 1P on the feed mo-
nomer stoichiometries by using viscometry. Furthermore, we
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Scheme 1. Coordination polymer 1P, a fluorescent supramolecular com-
plex with a green emission at 515 nm formed through the coordination of
1and 2.

obtained an association constant (K,) value of 5700m~" for
1P in DMF by using isothermal titration calorimetry (ITC).
An approximate value of 14 for the degree of polymeri-
zation (DP) was obtained by using the multistage open asso-
ciation (MSOA) model equation.'*#2! The resulting func-
tional polymeric material displayed fluorescence, owing to
the presence of the small molecule cruciform species within
a well-defined supramolecular polymeric framework, and
could be solution processed.

Our ultimate goal is to prepare functional and solution-
processable materials with physical and optical properties
that can be tailored to specific applications. To accomplish
this goal, we envisage creating a discrete toolbox of supra-
molecular monomers that can be polymerized through non-
covalent interactions. By readily exchanging monomer com-
ponents, we can augment the final properties of the materi-
als to fit a specific need by using a simple assembly step,
which minimizes or obviates more costly and time consum-
ing synthetic steps. Herein, we report the use of platinum as
a new metal center for the coordination event, as well as
new cruciforms, which result in polymers with higher K,
values to our palladium-based first-generation material that
have controllable physical and optical properties.
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Our toolbox already includes building blocks 1 and 2.
However, we expanded it further by also investigating the
self-assembly behavior of pyridyl arylethynylene cruciform 3
and bisplatinated pincer complex 4 (Figure 1). A library of
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Figure 1. Pyridyl cruciform 3, bisplatinated pincer complex 4, and the
three supramolecular polymers 2P—4P synthesized from building blocks
1-4.

related polymers that have a range of physical and optical
properties was obtained by coordinating cruciforms through
a pyridyl unit, on either the styryl or the arylethynylene
axis, to either a bis-Pd or a bis-Pt pincer complex.

The cruciform building blocks that we have investigated
(1,4 distyryl-2,5-bisarylethynylbenzene molecules) are part
of a larger class of X-shaped molecules with attractive elec-
tro-optical properties.'>1*22633] Haley and co-workers ex-
amined tetraarylethynyl substituted cruciforms and reported
in-depth luminescence characterizations and self-association
studies.” The groups of Bunz and Haley have independent-
ly demonstrated that donor and acceptor groups placed on
separate axial paths lead to molecules in which the frontier
molecular orbitals (FMOs) are confined to their respective
donor (HOMO) and acceptor (LUMO) substituted
arms,[16:17:26]

The other class of building blocks, metalated pincer com-
plexes, are capable of coordinating, both quickly and quanti-
tatively, to a variety of ligands”>**% through strong, single-
site, and directional interactions to provide supramolecular
architectures. A monoreceptor pincer complex is a triden-
tate species composed of a central aromatic core that con-
tains a carbon-metal bond (C) flanked by two neutral donor
atoms (E), which gives these ligands an ECE nomenclature.
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Cyclometalation of these ligands with a Pd or Pt salt creates
a square-planar complex, which can coordinate basic ligands
after activation.’-*¥! A second cyclometalation in a para po-
sition relative to the first cyclometalation event results in
the formation of bifunctional, bismetalated pincer com-
plexes (Figure 2).*"% These pincer complexes can be acti-

|
M: Pd, Pt
7 N\ M-L E:N P, S
R = | L: binding ligand
E R: Funciional tether
Monoreceptor
E E
| | M:=Pd Pt
L-M M-L E:=N,S
| \ L: = binding ligand
E E

Bifunctional receptor

Figure 2. Examples of mono- and bismetallic pincer complexes as supra-
molecular synthons in which E is a neutral two-electron donor and L can
be a functional recognition unit.

vated by means of removing the fourth ligand, which is gen-
erally a halide atom, through the addition of a suitable
silver salt (e.g., AgBF,, AgOTf, AgNO;). This addition
leads to the abstraction of the halide atom by Ag* (precipi-
tating AgX), which leaves a cationic complex with open co-
ordination sites and noncoordinating counterions. Coordina-
tion of this open site to nitriles < pyridines < thioureas <
phosphines forms a strong, chemo-reversible bond.

By using these four building blocks (1-4) we should be
able to fine-tune the K, values and ultimately the polymer
properties. The K, value of the metal-pyridyl-ligand interac-
tion of each cruciform is expected to vary depending on the
nature of the para substituent, which is an alkenyl group in
1 or an alkynyl group in 3. This electronic effect has been
shown to fit the Hammett equation by using the ¢t con-
stant®? of the para substituent.”” Furthermore, Pt pincer
complexes have a significantly stronger association than Pd
pincer complexes, which also allows us to control the associ-
ation through the choice of the metal center.’ Therefore,
the uniqueness of each metal-ligand interaction within these
structurally related supramolecular materials should lead to
the formation of polymers with a set of properties that can
be easily controlled.

Results and Discussion

Monomers 1-4 were synthesized by following literature pro-
cedures.['>1045.52 Iy 2 and 4, acetonitrile molecules are co-
ordinated to the metal centers of each respective pincer
complex. The weaker coordination of the nitrile groups
leads to a spontaneous and quantitative exchange of the
acetonitrile molecules for the pyridyl-functionalized cruci-
form ligands to give polymers 1P-4P in excellent yields.
Self-assembly is accomplished by means of combining the
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bismetalated pincer complexes with the cruciform of choice.
For solubility purposes, all of our physical characterization
studies were carried out in DMF, except for fluorescence
studies, which were performed in a CHCl;/DMSO mixture.

By using 'H NMR spectroscopy, the self-assembly process
was monitored by changes in chemical shift of diagnostic
signals pre- and post-coordination in [D;]DMF. Both 2 and
4 showed shifts that are characteristic of quantitative metal-
coordination events. The doublet at 0 =8.65 ppm, which is
representative of the o-pyridyl protons of cruciform 1,
showed a quantitative upfield shift to 6 =8.50 ppm after co-
ordination to 2 and a quantitative downfield shift to 6=
9.21 ppm after coordination to 4. In cruciform 3, the o-pyr-
idyl signal has an upfield shift from 6=8.80 to 8.63 ppm
after coordination to 2, and a downfield shift to 6=
9.35 ppm after coordination to 4.°°! We observed a broaden-
ing of all the signals for 1P-4P, which is typical for poly-
mers. As an example, Figure 3 shows the formation of 3P,

A)
2 (OTf "),

B)

T
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Figure 3. Stacked 'H NMR spectra of the aromatic region in [D;]DMF
depicting the metal coordination of 1 to 4. A) 1:1 mixture of 1/4 to give
polymer 3P (0.006 M) and B) cruciform 1 (0.006 m).

and the aromatic region of 1 before and after coordination
to 4 in [D,]DMF. The quantitative shifts of every proton
along the distyryl axis are shown; protons further from the
coordinated pyridyl nitrogen have smaller shifts because
they experience less of an electronic perturbation. Addition-
ally, the unaffected doublet of doublets labeled € and ¢ in
the spectra shows the electronically decoupled nature of the
cross-conjugated arylethynylene axis.
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We quantified the strength of our metal-ligand interac-
tions using ITC to provide complete thermodynamic charac-
terization, which is calculated from the measured enthalpy
of binding. For our experiments we assumed that the K,
value of our interaction is independent of the polymer
length, that is, K,erape = K; = K,,. By means of titrating a solu-
tion of each bismetalated pincer complex in DMF (10 mm)
into a solution of each cruciform in DMF (1 mm) at 22°C an
isotherm is generated, from which a K, (K,yerg) value is cal-
culated. All titrations were carried out in triplicate to vali-
date the reported K, values. Furthermore, all isotherms
showed a hyperbolic shape that is characteristic of a weak,
dynamic on/off binding event, as presented in Figure 4 for
the isotherm of 3P (see Table 1).
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Figure 4. Isotherm generated from the titration of 4 into 1 in DMF to
give 3P.

Table 1. ITC K, values and approximate degree of polymerization of
each supramolecular complex.

K, [M7] Maximum DP"!
1P 5.7(+1.6) x 10° 14
2P 2.1(£0.5) x 10° 10
3p 443(£5.4)x 10° 53
4P 15.2(+2.9) x 10° 31
2.Pyr 6.0(+0.5) x 10° ;
4-Pyr 60.0(+7.8) x 10° ;
15 9.8(+3.2) x 10° ;
16 53.0(+4.8) x 10° ;

[a] Maximum DP = (K,[monomer])"?, based on a 1:1 A/B supramolecular
monomer concentration of 0.033m in DMF.

The polymer K, values were higher with 4 than with 2 by
approximately an order of magnitude. Literature reports in-
dicate that Pt-based coordination using pincer complexes is
significantly stronger than using their palladium ana-
logues,” which is in accordance with our results. The range
of association strengths available for coordination events in-
volving cruciforms can be used to control the properties of
our system. However, the assumption that K,= K, ¢, must
first be validated. To this end, we carried out small-molecule
binding studies for pincer complexes 2 and 4, and cruciform
1, in which the K, values were measured and compared to
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K, (Kyerage) values measured for the coordination polymer.
For pincer complexes 2 and 4 we measured the K, values
upon the coordination of pyridine, and for cruciform 1 we
measured the K, values upon the coordination of monotopic
Pd and Pt pincer complexes 5 and 6, respectively, all in

DMF.
TR
\ -
Q \]roT
\ | —Si
o} PdnNZC-CH, o} Pt NZC-CHjs

The close agreement of the small model K, values to the
polymeric K, values strengthens the assumption that K,=
Kyerage 18 valid. We obtain a set of DP values after inserting
these K, values into the MSOA model equation.

After confirming and quantifying the self-assembly of
each of our systems by using "HNMR spectroscopy and
ITC, we subsequently characterized the polymer properties.
Owing to the weaker K, values of our materials in DMF,
size-exclusion chromatography was unreliable for determin-
ing the molecular weights and polydispersities of the poly-
mers. Therefore, we analyzed the materials by viscometry by
using a Cannon Ubbelohde semi-micro viscometer. Previ-
ously, we showed that there was a molecular-weight depend-
ence of 1P based on the monomer-feed ratios in DMEF, with
a maximum relative viscosity (7,) with stoichiometric equiv-
alences of 1 and 2.”2 Under these conditions the longest
possible length of the polymers in solution is obtained, when
maximum coordination is assumed. Deviation from a 1:1
monomer-feed ratio led to chain termination and a less vis-
cous solution as the length of the supramolecular polymer
decreased.

Herein, we investigated the #, values at different concen-
trations in DMF. A linear increase in 7, is generally expect-
ed as one increases the concentration of a covalent polymer
solution. However, because our metal-ligand interactions
are more favored at higher concentrations, a nonlinear in-
crease should be observed. Figure 5 shows our viscometry
results. The expected nonlinear increase is seen for all of
our materials. Our viscosity measurements are also in ac-
cordance with the K, values determined by ITC. The solu-
tion of 3P is 70 times more viscous than pure DMF, and
both bis-Pt-pincer-complexed polymeric solutions 3P and
4P are significantly more viscous than bis-Pd-pincer-com-
plexed polymeric solutions 1P and 2P. Polymers 1P and 3P
coordinate to the metal through the more electron-rich pyr-
idyl groups on the distyryl axis and have a higher relative
viscosity than the polymers formed from cruciform 3, which
coordinates along the less electron-releasing arylethynylene
axis.

The viscosity results illustrate the inherent control over
the polymer properties in our supramolecular system. By
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Figure 5. A) Plot of relative viscosity of bis-Pd pincer complexed materi-
als 1P and 2P. B) Plot of relative viscosity of bis-Pt pincer complexed
materials 3P and 4P in DMF.

simply switching one monomeric component with an alter-
nate one from our supramolecular toolbox we can tune the
DP, and thus the viscosity.

We examined the luminescent properties of these supra-
molecular materials. We used fluorescence spectroscopy to
compare the emissions of 1P—4P to that of their small-mole-
cule analogues. Unlike the characterizations of our polymer
physical properties, spectroscopic studies in DMF were not
possible because the self-assembly was not readily observed
at the dilute concentrations that were necessary for fluores-
cence measurements. As a result, we conducted all spectro-
scopic studies in a mixture of CHClyDMSO (95:5).5" For
each supramolecular material we observed redshifted emis-
sions relative to the uncoordinated cruciforms. We also ob-
served a decrease in fluorescence intensity for each material
proportional to the K, values measured for each metal-
ligand interaction. The results of this study are summarized
in Figure 6 and Tables 2 and 3, with additional spectra in-
cluded in the Supporting Information.

Uncoordinated 1 possesses a vibrant blue emission at A=
445 nm. Upon the titration of 2 (2.0 equiv), a bathochromic
shift (1 =445—515 nm) is observed. If a large excess of 2 is
added (15.0 equiv), a subsequent hypsochromic shift results
(A=515—485 nm). To rationalize these changes in emission,
we performed a similar emission study in which monotopic
Pd pincer complex 5 was coordinated to 1. In the case of
this model system, we observed a similar bathochromic shift
(A=445—491 nm) during the titration of 5.

These emission shifts can be explained by the orthogonal
arrangement of the FMOs in our cruciforms. Coordination
in these cruciforms occurs along the LUMO axis. As corro-
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Figure 6. Normalized emission of cruciforms 1 and 3, and 4,,,, of the fur-
thest redshifted emissions of polymers 1P-4P (precipitation seen at
these maximum DPs) all at 0.0445 mm. A) Emission of cruciform 1
(black), and Pd coordination polymers 1P (blue) and 3P (green). B)
Emission of cruciform 3 (maroon), and Pt coordination polymers 2P
(yellow) and 4P (orange).

Table 2. Summary of the changes in emission (4 in nm) observed upon
the addition of increasing numbers of equivalents of 2 or 4 to 1 or 3. The
concentration of the cruciform in all samples was 0.0445 mm in a mixture
of CHCL,/DMSO (95:5).

Cruciform Supramolecular complex®! Excess pincer®! Solid state

1P 445 515 (2.0) 485 (15.0) 520
2P 455 560 (3.6) 512 (20.0) 544
3P 445 542 (1.4) - -

4P 455 510 (3.0) 504 (15.0) 504

[a] Parentheses refer to the number of equivalents of ditopic pincer com-
plex added to achieve shift.

Table 3. Summary of the changes in emission (4 in nm) observed upon
the addition of 5 or 6 to 1 or 3. The concentration of the cruciform in all
samples was 0.0445 mm in a mixture of CHCl;/DMSO (95:5).

Cruciform Supramolecular complex
1.5 445 491
3.5 455 507
1-6 445 540
36 455 515

borated from the '"H NMR spectra, the HOMO axis is large-
ly unaffected. Therefore, the LUMO is stabilized and the
energy band-gap in all our systems decreases, which results
in the bathochromic shifts observed.

This effect partially explains the change in emission ob-
served upon the titration of 2 into 1. During the early stages
of the titration, coordination results in the assembly of poly-
mer 1P with an increasing DP. This putative high-molecular-
weight material has limited solubility in the CHClL/DMSO
mixture that was used for fluorescent measurements and led
to aggregation, which was visually observed in the samples
as clouding of the solution and formation of a precipitate.
We have previously investigated cruciform aggregates in the
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solid-state and observed differences in their emissive behav-
ior."®! We attribute the redshifted emission at =515 nm for
two equivalents of 2 to both LUMO stabilization and aggre-
gation effects. This conclusion is further supported by the
solid-state emission of 1P at A=520 nm (dropcast film from
a 1:2 mixture of 1/2). However, upon the addition of an
excess of pincer complex 2 (15equiv), the formation of
smaller end-capped oligomers, for example, 2-1-:2 complexes,
is favored. Unlike the highly charged polymer 1P, these
smaller species are soluble in CHCI;, and therefore, the
emission appears at a slightly lower wavelength (1 =485 nm)
than that of the initial uncoordinated cruciform. This emis-
sion is similar to the emission observed from the soluble
model complex formed upon the addition of monotopic 5 to
1 (A=491 nm), which represents only the emission change
from the stabilization of the LUMO after self-assembly.

We observed a similar trend for the self-assembly of 2P,
by detecting a bathochromic shift (1 =455—560 nm) during
the initial stages of the titration of pincer complex 2
(3.6 equiv) into 3. Further addition of 2 (20.0 equiv) resulted
in a blueshift (1=560—512 nm). Once again, we see a sub-
stantial bathochromic shift that results from complexation
with 2, as well as aggregation of the growing polymers; this
results in a redshifted emission similar to that observed for
2P in the solid state (A =544 nm). Addition of 2 (20 equiv)
leads to the formation of soluble oligomers that emit at A=
512 nm, which is again is comparable to the emission ob-
served upon the addition of monotopic 5 (A=507 nm) to 3.

Changes in the optical properties of 1 and 3 are also ob-
served upon assembly with bis-Pt pincer complex 4. In the
case of 3, a bathochromic shift (1=455—510nm) is ob-
served upon the addition of 4 (3.0 equiv). This emission is
consistent with the solid-state emission observed at A=
504 nm. Further addition of 4 (15.0 equiv) results in a small
blueshift (1=510—504 nm) that corresponds to short-chain
soluble oligomers. This emission is consistent with the emis-
sion observed for the model complex formed from cruciform
3 and monotopic Pt pincer 6 (A=515nm). Assembly of 1
with 4 also resulted in a bathochromic shift (1=445—
542 nm) upon the addition of 4 (1.4 equiv). However, fur-
ther fluorescence measurements by using higher equivalents
of pincer complex could not be made owing to near-baseline
fluorescence intensity. Limited intensity also prevented us
measuring the solid state-emission of 3P.

The decrease in fluorescence intensity observed upon the
self-assembly of each material also occurred in other cruci-
form coordination studies. Previously, we demonstrated that
upon exposure to protons or metal cations, cruciforms 1 and
3 experience a sharp decrease in fluorescence quantum
yield.®"! This effect is greater for protonation than for bind-
ing to metal cations, which suggests that a greater positive
charge at the pyridine nitrogen results in a greater decrease
in fluorescence intensity. We suggest that binding a proton
or metal at the pyridyl nitrogen results in a stronger vibronic
coupling between the ground and excited states, in addition
to the heavy atom effect exerted by the Pt-pincer complex.
Therefore, as binding increases then the nonradiative relaxa-
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tion pathways from the excited state to the ground state
become more accessible, which results in a decreased fluo-
rescence intensity.

Conclusion

In summary, we have assembled four new supramolecular
polymers by coordinating pyridyl-functionalized cruciforms
1 and 3 to either a ditopic bis-Pd or bis-Pt pincer complex.
The fast and quantitative self-assembly process was charac-
terized by 'HNMR spectroscopy, and the association
strength of each metal-ligand interaction was evaluated by
using ITC. From these values, approximate degrees of poly-
merization were calculated. These data indicate that the pyr-
idyl distyryl-Pt coordination is the strongest and the pyridyl
ethynyl-Pd interaction is the weakest. The polymeric prop-
erties in solution were characterized by viscometry, the re-
sults from which complement the association strengths cal-
culated from ITC, in which 3P is the most viscous and 2P is
the least viscous solution. Finally, the luminescent properties
of the polymers were measured by fluorescence spectrosco-
py. The emissions of the supramolecular materials were sig-
nificantly redshifted from their uncoordinated cruciforms.
The fluorescence intensity increased in the order 3P <1P <
2P <4P, and is inversely proportional to their association
strength.

By developing, expanding, and studying the building
blocks available for self-assembly, the strategy presented
herein allows the design and synthesis of a class of novel
functional organometallic polymers with predictable and
tunable properties from a discrete set of monomers that cir-
cumvents problems associated with traditional covalent po-
lymer synthesis. Each component in this system is amenable
to further functionalization and modification to give us a vir-
tually unlimited pool of monomers to investigate and ex-
ploit.

Future work in this area will focus on coordinating and in-
vestigating cruciforms with different substitution patterns to
expand the physical and optical property ranges in the final
polymers. Additionally, we will focus on improving the fluo-
rescence quantum yields and solubility of the polymers
through synthetic modifications to both monomeric constitu-
ents.

Experimental Section

General methods: All chemicals were purchased from Aldrich Chemical,
Acros, or Fisher Scientific and used as received, unless otherwise speci-
fied. NMR spectra were recorded at 298 K by using a Varian Mercury
spectrometer (300 MHz) and the residual solvent was used as an internal
standard.

General procedures for ITC characterization of coordination complexes:
All measurements were made by using a Microcal VP-ITC Microcalorim-
eter at 22°C in anhydrous DMF that was degassed under reduced pres-
sure.

Chem. Eur. J. 2007, 13, 4467 —4474
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Bis-metalated pincer complex—cruciform: The bismetalated pincer com-
plex in DMF (10 mm) was titrated (5 pL injections over 10 s followed by
an equilibration period) into a solution of the cruciform in DMF (1 mm).
A reference run of each bismetalated-pincer-complex solution titrated
into pure DMF was subtracted from each measurement to account for
the heat of dilution. Each experiment was carried out in triplicate to vali-
date all K, values.

Monotopic pincer complex—cruciform: The monotopic-metalated pincer
complex in DMF (20 mm) was titrated (5 pL injections over 10 s followed
by an equilibration period) into a solution of the cruciform in DMF
(1 mm). A reference run of each monotopic-metalated-pincer-complex so-
lution titrated into pure DMF was subtracted from each measurement to
account for the heat of dilution. Each experiment was carried out in trip-
licate to validate all K, values. The reverse addition was also carried out
to corroborate the data by means of titrating a cruciform solution in
DMF (10 mm) into a monotopic-metalated-pincer-complex solution in
DMF (1 mm) under identical conditions.

Bis-metalated pincer complex—pyridine: The bismetalated-pincer-complex
solution in DMF (10 mm) was titrated (5 pL injections over 10 s followed
by an equilibration period) into a solution of anhydrous pyridine in DMF
(1 mm). A reference run of each bismetalated-pincer-complex solution ti-
trated into pure DMF was subtracted from each measurement to account
for the heat of dilution. Each experiment was carried out in triplicate to
validate all K, values. The reverse addition was also carried out to cor-
roborate the data by means of titrating an anhydrous solution of pyridine
in DMF (20 mm) into a solution of bismetalated pincer complex in DMF
(1 mm) under identical conditions.

Viscometry: All studies were carried out in HPLC grade DMF by using a
Cannon Ubbelohde semi-micro viscometer (No. 100 L182), and the time
was measured by using a stopwatch at 25°C. Initial solutions of each
supramolecular material (0.033 mm) at a 1:1 stoichiometric ratio were
prepared by dissolving each component (0.033 mmol) in DMF (1 mL) in
the viscometer, sonicating the sample for 10 min, incubating it for 10 min,
and then acquiring three efflux times. The solution within the viscometer
was then diluted to 0.025, 0.018, 0.012, and 0.006 mm; between each mea-
surement of these concentrations the solutions were equilibrated and the
efflux times measured in triplicate.

Optical spectra: All samples were prepared by using spectroscopic grade
solvents purchased from OmniSolv. All fluorescence spectra were record-
ed by a Shimadzu RF-5301PC spectrofluorophotometer and measured in
a triangular quartz cuvette to minimize spectral artifacts (specifically self-
absorption). Solutions were mixed (as specified in the Supporting Infor-
mation) such that the final concentration of cruciform in all samples mea-
sured was 0.0445 mMm in a mixture of CHCL/DMSO (95:5). All solution
volumes were measured by using Eppendorf Reference variable-volume
pipettes. Significant noise was present as a result of near-baseline fluores-
cence intensity in some cases. In addition, scattering peaks were present.
A spectrum of the triangular cuvette filled with solvent was recorded and
subtracted to minimize scattering artifacts. Corrected and uncorrected
spectra are included in the Supporting Information. In addition, emission
spectra were normalized to highlight the observed shifts.

Solid-state emission spectra: Solid-state emission spectra were obtained
for 1P, 2P, and 4P (spectra for 3P could not be obtained owing to base-
line fluorescence intensity). Solutions were dropcast onto glass slides and
dried under a flow of air. Emission spectra were acquired by using a Shi-
madzu RF-5301PC spectrofluorophotometer. The spectra of the glass
slides were subtracted to remove minor scattering effects. Uncorrected
and corrected spectra are included in the Supporting Information.

Solution photographs: Photographs of the solutions used for optical
measurements were taken to qualitatively demonstrate the changes in
fluorescence observed upon assembly. The concentration of cruciform in
all samples measured was 0.0445 mMm in a mixture of CHCl,/DMSO
(95:5). Photographs were taken under illumination at 365 nm by using a
Canon EOS 30D digital camera equipped with a Canon EFS 18-55 mm
zoom lens.
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