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Dilution-Induced Self-Assembly of Porphyrin Aggregates:
A Consequence of Coupled Equilibria®*
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The self-assembly of organic molecules has attracted sub-
stantial interest as a bottom-up approach to create nano-sized
objects. Their properties depend strongly on the design,
arrangement, and number of molecules in the aggregate. For
supramolecular polymers, the monomers are entirely held
together by non-covalent interactions; these interactions are
typically weak, reversible, and highly sensitive to variables
such as temperature, concentration, and solvent polarity.!?
These variables have often been employed as tools to control
the self-assembly process, but other relatively new methods
like templating® and end-capping™ have also been described.
For these responsive systems, an understanding of the self-
assembly mechanism is a crucial aspect, as different molar
distributions over monomers and aggregates are obtained in
case of isodesmic or cooperative systems.”! In the latter, the
self-assembly is described by two distinct association con-
stants yielding a bimodal distribution of monomers and
extended aggregates.!

Herein, we present the employment of pyridine as an axial
ligand to influence the cooperative self-assembly of zinc
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porphyrins. We show that pyridine specifically coordinates to
porphyrin monomers that coexist with long, one-dimensional
aggregates, leading to a system with coupled equilibria that
shows extraordinary behavior. At a critical pyridine concen-
tration, a sharp transition to a completely depolymerized state
is observed, which then reassembes upon dilution until the
critical aggregation concentration is reached. To fully verify
these observations with re-entrant phase transitions, it is a
prerequisite to investigate the cooperative nature of the
porphyrin self-assembly without and with pyridine.
Porphyrin 1 is based on a symmetrical amide-substituted
discotic with chiral hydrocarbon side chains (Scheme 1). The
design is inspired by self-assembling porphyrins with similar
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Scheme 1. Chiral amide-functionalized zinc tetraphenylporphyrin 1.

functionalization patterns that provide one-dimensional
aggregates in apolar organic solvents.® Compound 1 is
synthesized from commercially available meso-tetrakis-
(4-carboxyphenyl)porphyrin and a chiral trialkoxy aniline
wedge.”! After amidation, zinc insertion, column chromatog-
raphy, and recycling size-exclusion chromatography, porphy-
rin 1 was obtained in 71 % yield and fully characterized.[”
At room temperature, 1 is molecularly dissolved in
chloroform, and it has a sharp Soret band at 1,,, =422 nm.
In methylcyclohexane (MCH), a large blue-shift to a broad-
ened band at 4,,, =390 nm is observed, which exists even at
sub-micromolar concentrations.” This aggregate band, which
is typically observed for cofacially arranged porphyrins,®
shows an intense bisignate Cotton effect in the circular
dichroism (CD) spectrum, indicating a helical arrangement of
the chromophores in the aggregate. Solution-based IR
spectroscopy in MCH shows a shift of the amide C=O
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stretching band to lower wave numbers relative to chloro-
form, indicating intermolecular hydrogen bonding."”

The porphyrin assemblies are disrupted by heating, as
evidenced by a red-shifted Soret band at 419 nm and a
disappearance of the CD response. Upon cooling at a
concentration of 5.0x 10~ molL™', an apparent isosbestic
transition from 419 to 390 nm is observed with a reappearance
of the CD effect at 69°C (Figure 1).”) By probing the
absorbance at 390 nm, a non-sigmoidal cooling curve is
observed with a sharp transition at 69°C (Figure 1, inset),
which indicates a highly cooperative self-assembly process.”
To determine the thermodynamic parameters, we fitted the
cooling curve with a temperature-dependent nucleation—
elongation model, from which we estimate an enthalpy
release of 110 kJmol™' and a high degree of cooperativity
(K,) of 5x107."
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Figure 1. Temperature-dependent a) UV/Vis and b) CD spectrum of 1
in methylcyclohexane between 20 and 90°C with 10°C intervals. Inset
in (a) shows a —1°Cmin~' cooling curve probed at 390 nm.
[1]=5.0x10"molL"".

AFM studies of a drop-cast solution of 1 on HOPG show
micrometer-long curled fibrillar nanostructures with a typical
height of 3 nm, which perfectly matches edge-on stacking of 1
into single fibers onto the surface (Figure2a). In solution,
static and multi-angle dynamic light-scattering measurements
performed on a 6.6x10°molL™" solution of 1 in MCH
indicate rod-like aggregates with a persistence length of
100 nm.”! Consistent with these results, concentrated solu-
tions of 1 are highly viscous, and the aggregates undergo facile
alignment when placed under flow in a Couette cell or when
placed in a magnetic field (Figure 2b).["*?

After elucidation of the self-assembly without pyridine,
the addition of the axial ligand to aggregates of 1 was studied
at room temperature. At 12x10°molL™, two distinct
transitions are observed upon the addition of pyridine
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Figure 2. a) AFM height image of 1 deposited from methylcyclohexane
on HOPG. Inset: AFM of 1 deposited from same solution with 500
equivalents of pyridine. b) Birefringence An=n,,—n,,, induced by a
magnetic field for 1 upon pyridine addition in methylcyclohexane at
room temperature. [1]=5.0x107° mol L™".

(Figure 3a)."! Without pyridine, the porphyrin Soret band
appears at 390 nm. When 40 equivalents of pyridine are
added, a new red-shifted and split band at 418 and 427 nm
appears. The exciton splitting energy of 500 cm ™ is indicative
for a dimeric porphyrin—pyridine adduct.™ This proposal is
strengthened by the presence of a weak CD spectrum in the
exciton split band region.” Ultimately, at a pyridine excess of
80000, this split Soret band gradually converts into a single,
narrow, CD-silent band at 430 nm. This band is identical in
shape and position to a monomeric porphyrin—pyridine
adduct,™ which suggests that at this rather high pyridine
concentration, the dimeric adducts have dissociated owing to
the increased solvent polarity, breaking up the hydrogen
bonds within the dimer. The full titration curve spanning the
aggregated state (390 nm) and the dimeric pyridine-com-
plexed state (427 nm) shows a sharp transition when either
band is probed (Figure 3b).

As a similar behavior is not observed for the free-base
derivative of 1,/" the titration data suggest that axial ligation is
responsible for depolymerization. Indeed, the spectral
changes at 390 and 427 nm in the UV/Vis spectra are
accompanied by a disappearance of the CD effect and a
sharp drop in solution viscosity.”” Moreover, it is observed
that no fibrillar structures are observed in the AFM image
(Figure 2a, inset), the porphyrins no longer align in a
magnetic field (Figure 2b), and low-light scattering intensities
confirm the presence of small adducts.”’
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Figure 3. a) UV/Vis spectra of porphyrin aggregates in methylcyclohex-
ane at room temperature, with 0, 40, 800, and 80000 equivalents of
pyridine corresponding to aggregates, aggregates and pyridine-com-
plexed dimers, pyridine-complexed dimers, and pyridine-complexed
monomers, respectively. b) Corresponding pyridine titration curves
probed at the aggregate band (390 nm, black) and the pyridine-
complexed dimer band (427 nm, red). Symbols represent data points,
and lines are best-fit curves. [1]=1.2x107° molL™".

To interpret the shape of the titration curves observed, we
fitted this pyridine titration using experimentally determined
molar absorptivities and equilibrium constants for the por-
phyrin aggregates and porphyrin—pyridine adducts, system-
atically ruling out a variety of different depolymerization
mechanisms based on the quality of the fits obtained.” We
have found that the best fits are obtained for a model that
includes 1) cooperative self-assembly of the porphyrins, 2) the
formation of one-to-one adducts between monomers of 1 and
pyridine, and 3)the dimerization of these adducts (Fig-
ure 4a).! Given the extremely low concentration of mono-
mers expected for this system (< 107" molL™), it is remark-
able that monomers are involved in the equilibrium at all.
However, the statistic effect caused by the cooperative self-
assembly, in which the number of binding sites provided by
monomers is relatively high compared to that number
provided by aggregate end groups, could be the driving
force towards axial ligation of predominantly monomers.”*!
Another aspect we would encounter is an affinity difference
of the axial ligand towards monomers and aggregates where
enhanced n—m interactions reduce the affinity of the zinc for
the Lewis base.l"”!

With absorbance data as output of the model, we
performed simultaneous nonlinear curve-fitting on the pyri-
dine titration data of the aggregate and the pyridine-
complexed dimer at 390 and 427 nm, respectively (Figure 3b).
In the full model, the absorbance at a given wavelength is
determined by eight parameters: four equilibrium constants
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Figure 4. a) A model in which aggregates, monomers, and monomeric
and dimeric porphyrin—pyridine adducts are connected by equilibrium
constants. b) Model simulation with the data obtained from curve
fitting at a fixed pyridine excess of 40 equivalents; K,= 685 Lmol ™",
K=1.37x10" Lmol™', K.=5.1x10* Lmol™", and K;=1.1x10° Lmol™".
c) Dilution-induced self-assembly of 1 in MCH at a fixed pyridine
excess of 40 probed over three orders of magnitude in concentration
at room temperature.

and four extinction coefficients. To avoid the necessity to fit
all eight parameters from one dataset, we obtained most of
the parameters from separate experiments. The equilibrium
constants describing the cooperative self-assembly of 1 (K,
and K) are derived from the aforementioned temperature-
dependent nucleation—elongation model™ and the value for
K, from a control experiment.'’ These measurements also
provide the extinction coefficients, so the only parameters left
for fitting are the dimerization constant (K,) and the
extinction coefficient of the pyridine-complexed dimer. A
dimerization constant of Ky=1.1x10°Lmol™" is obtained,
which approximates the value of the elongation constant (K).

With all model parameters available, we are able to
simulate the behavior of the system at different conditions. At
a fixed pyridine-to-porphyrin ratio of 40, a strong effect on the
distribution of 1 over the four components is observed when
the total concentration is changed (Figure 4b). At low
concentrations, monomers of 1 do not interact with either
pyridine or themselves. At the critical aggregation concen-
tration (ca. 1077 molL™"), the pyridine interaction is insuffi-
cient to avoid porphyrin self-assembly, yet at about
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10~° mol L™, pyridine complexation hampers aggregation by
the formation of dimers. Because of the high dimerization
constant, pyridine-complexed dimers are formed exclusively,
thus resulting in a low abundance of pyridine-complexed
monomers. The same holds for free monomers that are
involved in the cooperative self-assembly, so in the presence
of pyridine, either aggregates or pyridine-complexed dimers
are the most abundant species.

The simulation shows that upon dilution from 10~* to
10~ mol ™", the depolymerized state becomes unfavorable
and aggregation is enhanced. To verify this re-entrant phase
transition, we performed dilution experiments at a fixed
pyridine-to-porphyrin ratio of 40. In the same concentration
window, an almost full transition from the dimeric pyridine-
complexed state to the aggregated state is obtained over two
orders of magnitude in concentration (Figure 4c). This
dilution-induced self-assembly is unusual for supramolecular
polymers and it arises in multi-component systems in which
an additional component affects the cooperative self-assem-
bly by an orthogonal interaction with the main component.
Similar behavior is found in protein systems in which protein
unfolding takes place upon the addition of denaturant, and
renaturation occurs upon dilution albeit the mechanism is
different.!

In conclusion, with this class of zinc-porphyrin-based
supramolecular polymers, we can bias the self-assembly
process with the additional tool of molecular recognition by
axial ligation of a Lewis base. Remarkably, driven by the
highly cooperative self-assembly, monomers possess a prime
role in the depolymerization mechanism. Our results showed
that a multi-component system with coupled equilibria leads
to the dilution-induced self-assembly property, which is in
agreement with model predictions. With these findings, we
envision that the approach of systems chemistry provides new
tools in controlling molecular self-assembly and the develop-
ment of new stimuli-responsive materials.””
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