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Influence of Metal, Ligand and Solvent on Supramolecular
Polymerizations with Transition-Metal Compounds: A Theoretical

Study

Naidel A. M. S. Caturello,” Zsolt Csok,™ and Rodrigo Q. Albuquerque*® !

/Abstract: The nature of intermolecular interactions govern-
ing supramolecular polymerizations is very important for
controlling their cooperativity. In order to address this prob-
lem, supramolecular columns made of Pt' and Pd" com-
plexes of oligo(phenylene ethynylene)-based pyridine (OPE)
and tetrazolylpyridine ligands (TEP) were investigated
through the dispersion-corrected PM6 method. Aromatic,
CH-mt, M-Cl and metallophilic interactions helped stabilize
the supramolecules studied, and their geometries and asso-

\ciated cooperativities were in excellent agreement with ex-

perimental data. The OPE ligand and/or the presence of Pt"\
led to stronger metallophilic interactions and also to cooper-
ative supramolecular polymerizations, which clearly suggests
that metallophilic interactions are a key factor for controlling
cooperativity. The results indicate that sequential monomer
addition is in general less spontaneous than the combina-
tion of two larger preformed stacks. The present theoretical
investigations contribute to the further understanding of the
relation between the thermodynamics of supramolecular
polymerizations and the nature of different synthons. )

Introduction

Supramolecular polymers™ consisting of stacked aromatic
cores have gained considerable interest in recent times due to
their potential in optoelectronic? and biomedical applica-
tions.”™ Their formation is usually driven by various classes of
noncovalent interactions.”! The most commonly used ap-
proach to construct supramolecular self-assembled polymers is
the introduction of the conventional hydrogen-bonding motif
or the combination of hydrogen-bonding and aromatic interac-
tions.”” The incorporation of metals represented a novel con-
cept in the organization of supramolecular architectures due
to the emerging metallophilic interactions, as reported by
Fernandez et al.®""! Furthermore, other weak interactions such
as dipole-dipole,'? C—H--X (X=Cl, O) interactions"®'" and the
hydrophobic effect,”*™ when combined with aromatic interac-
tions (also known as -7 stacking), can play an important role
in the additional stabilization of supramolecular polymeric as-
semblies.

The cooperativity of supramolecular polymerizations can be
rationalized on two main types.'>'® In the isodesmic process,
all growing steps are characterized by the same value of asso-
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ciation constant regardless of the sizes of the aggregates. On
the contrary, the cooperative mechanism is composed of two
separate steps, in which a thermodynamically unfavorable ini-
tial nucleation is followed by a highly favored cooperative
elongation process characterized by much higher binding con-
stants. As a consequence, cooperative behavior results in
longer supramolecular polymers with enhanced degree of in-
ternal order and multilevel hierarchy.'” Cooperativity studies
of aggregates based on trisamide derivatives have been de-
scribed by de Greef and co-workers" and by Albuquerque
et al." using density functional theory (DFT) and semiempiri-
cal calculations, respectively.

Oligo(phenylene ethynylene)s (OPEs) are highly extended, -
conjugated organic molecules, and are well-known for their
ability to cooperatively self-assemble into a wide variety of
supramolecular structures, driven by noncovalent interac-
tions.” 1131 |t has been also shown that OPEs are able to self-
organize into microcrystalline lamellae® or into micrometric-
size associates® as well as to amplify chirality® or to invert
supramolecular handedness.”® Furthermore, a recent study
confirmed that the interchain m-interactions in OPEs have
strong impact on the photophysical properties of the self-as-
sembled materials.*” Pyridine-centered tridentate ligands are
highly versatile building blocks that are extensively used in co-
ordination chemistry.”” For instance, the combination of a tet-
razolylpyridine (TEP) ligand with Pt' led to self-assembled
supramolecular nanowires exhibiting aggregation-induced lu-
minescence, as reported by Strassert et al.”®

The design of new supramolecular polymers of transition-
metal complexes with optimal properties for optoelectronic
applications requires a fundamental understanding of the
mechanism of the self-assembly process. Despite the large
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number of experimental work dedicated to supramolecular
polymers, there have been only a few computational stud-
ies, 8192729 and in particular, there is only one DFT study in-
volving metal-containing systems.”

Herein, we report on a theoretical investigation of four self-
assembled metallo-supramolecular columns based either on an
OPE pyridine or a TEP ligand (Scheme 1). The roles of the
metal and the ligand are evaluated through dipole moments,
HOMO-LUMO gaps, intermetallic average distances, and Gibbs
energies of formation. Additionally, the general growth mecha-
nisms shown in Scheme 1 are discussed, and the role of the
solvent in the stabilization of supramolecular dimers is also in-
vestigated.
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Scheme 1. Structures of the four coordination compounds used as mono-
mers to form supramolecular aggregates and general mechanisms of supra-
molecular polymerization investigated. The ligands are abbreviated as OPE
and TEP.

Results and Discussion

The results shown in this section are based on the semiempiri-
cal dispersion-corrected PM6 level of theory, also called PM6-
D3H4X, which has been already used to predict the geome-
try of compounds similar to 1 and 2.2" We performed tests
with the more recent semiempirical PM7 method,*? but opti-
mization problems for aggregates as small as dimers were en-
countered in the case of Pd" complexes, suggesting that this
method may not be reliable, at least for the Pd" complexes in-
vestigated here. Also, dispersion-corrected PM6 was shown to
be superior to PM7 concerning the description of noncovalent
interaction.®® For this reason all calculations reported in the
present investigation refer to the PM6-D3H4X model.

The description of the optimized geometries of monomers
and aggregates of compounds 1-4, together with the predic-
tion of their aggregation mechanisms, and the discussion of
the influence of the metal, the ligand and the solvent on these
mechanisms as well as the general properties are shown
below.

Optimized geometries and general properties

The optimized geometries of monomers and aggregates
formed by compounds 1-4 are shown in Figure 1. In general,
the columnar shapes of the aggregates predicted from our
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semiempirical calculations are in good agreement with the ex-
perimental results recently published for similar derivatives of
1-3.223Y The results suggest that 1 and 2 can build aggre-
gates by sequential rotation of each monomer unit by about
13° (for 1) and 22° (for 2) with respect to the long axis of the
aggregate. This helical structure, which was predicted in
vacuum, helps maximize intermolecular interactions within the
single supramolecular column. Metal-metal (M-M), aromatic
(t—mt) and metal-chloride (M-Cl) interactions contributing to
the stabilization of the aggregates of 1 and 2 are depicted in
the inset of Figure 1. Weak hydrogen bonds involving the side
chains also help stabilize the aggregates. Atomic force micros-
copy (AFM) investigations of aggregates self-assembled from
a derivative of 2 bearing long alkyl chains as side groups re-
vealed the presence of such helical structure.”’ Explicit consid-
erations of solvent or intercolumnar interactions present in
solid state are expected to influence the final geometry of
each single column, but such computationally demanding cal-
culations are out of the scope of this investigation. However, it
turns out that vacuum conditions are already good enough to
explain not only geometries, but also the cooperativity, as will
be discussed later.

The supramolecular aggregates formed by 3 and 4 are very
similar and are predicted to be linear, where ligands are se-
quentially rotated by about 70° with respect to the long axis
of the aggregate. The intermolecular aromatic interactions in-
volving pyridine units form a helix, which is highlighted by the
long red tubes shown in Figure 1. The same helical disposition
occurs with the metallophilic bonds, which together with the
pyridine-pyridine interactions give rise to the double helix
shown in Figure 1 (transparent tubes). Intermolecular CH-nt
(pyridine-tetrazole) and aromatic interactions also help stabi-
lize the stack. The interactions involving the pyridines, namely
the pyridine-pyridine and CH-m interactions strongly reduce
the rotational and vibrational freedom of the pyridine. The pre-
dicted vibrational frequency for the out-of-plane deformations
of the pyridinic C—H bonds is 2747 cm™" for the monomer and
it becomes weaker for the dimer (2726 cm™") due to the inter-
molecular CH-mt interactions. This might eliminate non-radia-
tive deactivation paths responsible for luminescence quench-
ing, which helps explain why long aggregates of a very similar
derivative of 3 undergo aggregation-induced luminescence.?®

The evolution of some general properties of the aggregates
of 1-4 upon increasing the number of monomer units n is
shown in Figure 2. Figure 2a reveals that metallophilic interac-
tions play a crucial role in the stabilization of all aggregates,
the corresponding M—M bonds becoming increasingly more
stable (or shorter) upon increasing n. This means one can inter-
pret Figure 2a as a measure of cooperativity among metal
bonds. Note that all intermolecular interactions together con-
tribute to the final thermodynamic quantities governing the
aggregation, which may lead to an overall anti-cooperativity
as, for instance, predicted for 4 (vide infra), even though the
formation of metallophilic bonds can behave cooperatively.

The average metal-metal distance of a decamer predicted
from the semiempirical calculations is smaller for 1 (dpp=
3.74 A) than for 2 (dpy_py=3.85 A). The comparison between 3
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Figure 1. Geometries of decamers of 1-4 optimized with the semiempirical PM6-D3H4X method in vacuum. Hydrogen atoms are omitted for clarity. The long
tubes (3 and 4 only) highlight the helical disposition of adjacent pyridines and of metal centers.
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Figure 2. Trends of: a) metal-metal distances, b) HOMO-LUMO gaps, and
¢) electric dipole moment per monomer unit for aggregates of 1-4 with n
monomer units. Calculations were carried out at the semiempirical PM6-
D3H4X level in vacuum.

and 4 (Figure 2a) shows that Pt—Pt bonds are shorter than
Pd—Pd ones independently of the ligand. This difference sug-
gests stronger bond strengths for aggregates of 1 and 3,
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which is in line with experimental observations of similar
supramolecular polymers reported elsewhere ®¥ This difference
in bond strength is also reflected in the different heats of for-
mation for aggregates of different sizes, which are predomi-
nantly more exothermic for Pt"-based aggregates (vide infra).

It may be interesting to see how the nature of the metal
and the ligand influence the metal-metal bond strength (Fig-
ure 2a). First, if one replaces the OPE ligand (1 and 2) by the
TEP ligand (3 and 4), the metal-metal distance becomes
larger, independently of the metal considered. If one keeps the
same (TEP) ligand as in 4, but changes the metal from Pd" to
Pt" as in 3, the metal-metal distance becomes shorter. The
same happens when one compares 2 and 1, where again Pt"
gives rise to shorter M—M bond distances. This allows us to
conclude that the ligand OPE and/or the presence of Pt'
always lead to stronger metallophilic interactions for the sys-
tems investigated here.

The HOMO-LUMO gaps decrease upon increasing n for the
supramolecular systems except for 4, where it is nearly con-
stant (Figure 2b). A similar red shift of the HOMO-LUMO gap
with the increase of n has been reported for other supramolec-
ular systems without metal centers and even without aromatic
interactions,"? indicating that the proper arrangement of
dipole moments and the presence of any strongly stabilizing
intermolecular interactions cause that red shift. In the case of
4, even though the arrangement of dipole moments inside the
stack is very similar to that of the aggregates of 3 (Figure 1),
the intermolecular interactions do not seem to be strong
enough to cause a red shift, which is also evidenced by the
larger average metal-metal distance found for 4. For 1-3, the
singlet and triplet excited states are expected to red shift upon
increasing the aggregate length, and this has been in fact ob-
served for metal-free supramolecular columns composed of
benzene- and cyclohexane-trisamides."*** The aggregates of
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1-3 behave like J-aggregates, as these compounds always
show excited states bathochromically shifted with respect to
the monomer state. Since the HOMO-LUMO gap is inversely
proportional to the polarizability,"® the trends shown in Fig-
ure 2b also reveal that the stacks continuously become softer
(or more polarizable) upon growing. This effect is more pro-
nounced for compounds having the OPE ligand (1 and 2), and
has interesting consequences for the corresponding entropy of
aggregation as will be shown.

Figure 2c shows how the total electric dipole moment (u)
per monomer unit changes upon increasing n. The gradual
cancellation of individual dipole moments of monomers inside
the stacks is observed for all supramolecules. Structures with
the OPE ligand (1 and 2) always show higher dipole moments.
The trend shown in Figure 2c indicates that the geometry of
all monomers inside the stack continuously changes upon suc-
cessive monomer additions up to about n=10, and then it
tends to be constant. The existence of a cooperative growth
for stacks composed of organic trisamide derivatives has been
in part associated with a slow increase in the dipole moment
per monomer unit."” Here, un~"' keeps decreasing for all aggre-
gates (this in fact depends on the geometry of each case), but
most of them also self-assemble cooperatively, as will be
shown later. We will see that other factors, particularly thermo-
dynamic ones, need to be taken into account for attributing
positive or negative cooperativity.

Aggregation mechanisms and cooperativity

The changes in enthalpy, entropy, and Gibbs energy for the
growth of the supramolecular structures of 1-4 following the
mechanisms described in Scheme 1 are discussed in this sec-
tion. The calculated enthalpies (A¢H) for the growth of different
sizes of aggregates for all compounds and for both assumed
mechanisms were always exothermic (Supporting Information,
Table S1), as expected, since stabilization is achieved by means
of several new intermolecular interactions taking place upon
supramolecular aggregation.

The trends obtained for the entropies are worth discussing
before exploring the changes in Gibbs energies. The aggrega-
tion of the type m+1—n (mechanism 1) means that two less
organized species are combined to form a more organized su-
pramolecule of n monomer units. One expects intuitively that
entropy would decrease, that is, AS<O0, but the predicted
values shown in Figure 3 are not always negative.

If one takes into account only the atomic positions of all the
nuclei inside the aggregates and the fact that monomers
inside the aggregates have their degrees of freedom restricted,
one-dimensional supramolecular aggregates tend to be more
organized or less entropic than the precursor monomers. How-
ever, supramolecules exhibiting increasingly smaller metal-
metal distances, or alternatively, smaller monomer-monomer
distances inside a stack tend to delocalize the electrons more
along the long axis of the aggregate. Such systems become
more polarizable upon growing, as evidenced by the smaller
HOMO-LUMO gaps exhibited by larger aggregates (Figure 2b),
or even by the red shift of excited states exhibited by other
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Figure 3. Changes in entropy for the addition of one monomer to a stack of
n—1 monomers as a function of n for compounds 1-4. Calculations were
carried out at the PM6-D3H4X semiempirical level in vacuum at T=298 K.
The electronic contribution for the entropy, ASeiectronss IS dominant at the
upper (cyan) part of the plot, while the nuclei contribution, AS,,e is more
important at the bottom (gray) part. The dashed lines are trend lines.

1D aggregates.®™ The higher electron delocalization and polar-
izability lend a higher mobility to the electrons. It becomes
then clear that the electronic part of the system, instead of
getting more organized and localized, is becoming more disor-
ganized upon self-assembling and therefore AS would tend to
be more positive. The final AS values predicted here (Figure 3)
were obtained from molecular partition functions containing
both electronic and nuclei contributions, and therefore could
be written as: AS=AS,ueitASeiectrons: ONly for light atoms is
the electronic contribution to the partition function negligible
because of the very large energy difference between ground
and first excited state.*® For much heavier systems, where ex-
cited states or energy levels can become very close to each
other,"®* the electronic partition function becomes increas-
ingly more important, that is, the degree of accessibility of the
electronic states of the system becomes higher.

For aggregates of 1 and 2, which exhibit considerably small-
er HOMO-LUMO gaps and metal-metal distances (Figure 2a
and b), the electronic delocalization effects become dominant
over the nuclei effects for larger n values and for this reason
AS gradually increases with n, eventually becoming positive
(Figure 3). On the other hand, aggregates of 3 and 4 have
larger HOMO-LUMO gaps and metal-metal distances (Fig-
ure 2a and b), which means that the electronic delocalization
and the polarizability are small. In this case, the increase in en-
tropy caused by the electrons upon supramolecular aggrega-
tion is much less pronounced than the decrease in entropy of
the nuclei, namely | ASnucei] > | AtSeiectrons |- and therefore AS <
0 (Figure 3). In the case of 4, this is even more extreme, since
the large HOMO-LUMO gap (or very small polarizability) is
nearly constant (Figure 2b), meaning that the electronic contri-
bution to the entropy becomes much smaller than the one
originating from the nuclei; that is, A;S becomes very negative.

Figure 4 shows how AG depends on n for the addition of
one monomer to a preformed stack (mechanism I). The supra-
molecular growth of aggregates of 1-3 were predicted to be
exergonic (A:G <0) at room temperature in vacuum and there-
fore the corresponding stacks are predicted to exist, which is
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Figure 4. Changes in Gibbs energy for the addition of one monomer to

a stack of n—1 monomers as a function of n for compounds 1-4. Calcula-
tions were carried out at the PM6-D3H4X semiempirical level in vacuum and
A¢G was evaluated at T=298 K.

in agreement with experimental data of similar com-
pounds.®?3" No experimental data on cooperativity were
found for 4.

According to Figure 4, 1, 2 and 3 self-assemble cooperative-
ly, that is, the addition of one monomer to a preformed stack
makes the next monomer addition even more exergonic. The
aggregation of 4 is initially anti-cooperative up to n=8, and
then it could be regarded as isodesmic, since A{G becomes ap-
proximately constant. The OPE ligand promotes cooperativity
independently of the metal, while the TEP derivative does not,
which may be related to a greater number of intermolecular
interactions present in the OPE-based systems.

The supramolecular growths of 1 and 2 are strongly cooper-
ative, which nicely agrees with the experimental results pub-
lished elsewhere for similar compounds.”*" More importantly,
it is evident from Figure 4 that the AG curve for 1 is on aver-
age steeper than that for 2, especially if we compare the corre-
sponding trend lines (Figure 4, gray dashed lines). Ferndndez
et al. have recently reported experimental results suggesting
that the cooperative self-assembly of a derivative of 1 is con-
siderably stronger than that of a derivative of 2,°" which
agrees with the results shown in Figure 4. This indicates that
the semiempirical calculations reported here are reliable, being
able to predict geometries of aggregates, as well as to correct-
ly order the cooperativity of slightly different complexes.

In the theory of nucleation and growth, spontaneous (exer-
gonic) growth can be achieved after a small aggregate or
“seed” has been endergonically or non-spontaneously formed.
Usually one assumes small seeds (n=2) in such models, but
larger ones can also be adopted." Since endergonic growths
were not found for aggregates of 1-3, one may try to interpret
the curve obtained for 4 as being part of a large seed, where
further growth beyond n=8-10 would begin to become coop-
erative. This assumption is difficult to prove due to the already
large number of atoms of the decamer, and because of in-
creasingly higher computational cost, and mainly, convergence
problems that would be involved. Temperature effects are also
very important to explain the spontaneity of supramolecular
aggregations.”) Semiempirical models are reliable only for
room temperature predictions because such models were par-
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ameterized to reproduce enthalpies of formation at this tem-
perature. Therefore, direct comparison between the results of
the present investigation and the nucleation-and-growth
models should be considered with great care, since no kinetic/
temperature effects were considered here. Solvation effects
may still allow us to qualitatively discuss a bit more of this
issue, as will be shown later.

Figure 5 shows how AG for the assembling of a supramole-
cule of n monomer units depends on the sizes of two smaller
stacks m and x (x=2-5), using 1-4 via mechanism Il
(Scheme 1), where m+x=n. For instance, m+2 indicates the
addition of a preformed stack of m monomer units to a dimer,
and it is equivalent to 24+m. Accordingly, there are four differ-
ent ways of assembling a decamer, which are represented by
four bars at n=10: m+2 (octamer+dimer), m+3 (heptamer+-
trimer), m+4 (hexamer+tetramer), and m+5 (pentamer-+pen-
tamer). The “m+1" case (gray dashed lines) corresponds to the
mechanism | and is also shown in Figure 5 for comparison.

According to Figure 5, the most thermodynamically stable
supramolecular growth is described by the mechanism Il if that
growth is cooperative (1, 2 and 3). For instance, it is thermody-
namically more stable to grow a pentamer of 1 by combining

Om+2 @ m+5

@n+3
5 6

.m+4
7 8 9

A¢G/ kJ.mol!

Figure 5. Changes in Gibbs energies for mechanism Il (Scheme 1) for the
combination of two small stacks of 1-4 having m and x (x=2-5) monomer
units to form a stack of n monomer units (m+x=n). Calculations were car-
ried at the PM6-D3H4X semiempirical level in vacuum and AG was evaluat-
ed at T=298 K. Gray dashed lines represent mechanism | for comparison
purposes.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@‘* ChemPubSoc
x Europe

a dimer and a trimer (243 —5) than by adding one monomer
on the top of a tetramer (44+1—5). This effect is even more
pronounced for larger aggregates: it is twice more exergonic
for 1 to build a decamer by combining two pentamers (54+5—
10, AH=—860 kJmol™", AS= +2.6 kkmol~'K™") than by com-
bining a nonamer and a monomer (94+1—10, AH=
—291 kJmol™', AS=+1.1kimol'K™"). This can be under-
stood by paying attention to the respective values of A$S and
AH. The considerably larger A value predicted for 5+5—10
when compared to 9+1—10 reflects the much larger increase
in electronic delocalization and polarizability for the former ag-
gregation, following the same line of previous discussions
(vide supra). The A¢H values of 5+5—10 and 9+1—10 are also
very different from each other and are related to the fact that,
for example, Hgimer 7 2 Himonomer IN Other words, the enthalpy per
monomer unit (Hn™") is not constant, but decreases with n as
a result of the increasing stabilization inside larger stacks
(Figure 6). For instance, for 1 Hn™'=498 ki mol~" (monomer)
and 411 kimol™" (dimer). This trend is observed for all com-
pounds, as shown in Figure 6. Figures 3 and 6 are therefore
very important for understanding the results shown in

Figure 5.
500 n=1 n=l 41020
450 - 1000
n=l
._I"\ 400 i n 980
B —_—— n*l
g
350t T 960
< :
= 300 - 940
= n=10
T — _
250 920
200 f--11=10 —
150 0310 880
1 2 3 4
Compound

Figure 6. Enthalpy (H) per monomer unit as a function of n for 1-4. Calcula-
tions were carried at the PM6-D3H4X semiempirical level in vacuum and H
was calculated relative to the elements in their standard state at T=298 K,
for which H=0.

Also, it is thermodynamically more stable to combine equal-
ly large preformed supramolecular columns (m=x, for n con-
stant) than preformed stacks of different sizes (Figure 5). For
example, building a decamer of 1 becomes increasingly more
exergonic in the order 8+2 <743 <6+4<5+5. Finally, if the
size of one of the preformed columns is fixed (e.g., dimer=
light blue bars in Figure5), it becomes thermodynamically
more spontaneous to grow aggregates by combining it with
larger aggregates, as in the sequence 242 <243 <244 <<
2+8. Again, Figures 3 and 6 can be used to understand these
trends, as already discussed.

Curiously, mechanism | is thermodynamically more stable,
that is, the gray dashed line in Figure 5 is more exergonic than
the bars, for aggregates of 4, which are predicted to grow
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anti-cooperatively. This can be explained by the smaller elec-
tronic contributions to the partition function exhibited by 4.
Aggregates of 4 have increasingly negative AS as a result of
the condition |AS il = | ASeiectrons|  (Vide supra), which
strongly influences A{G. We can compare 94+1—10 (mecha-
nism I, AH=—80 kimol™") and 54-5—10 (mechanism Il, AH=
—76 kJmol™). Since the entropy of the decamer is much small-
er than that of the pentamers due to electronic effects, the
latter aggregation has AS=—1.64 kJmol~'K™', while for the
former AS=-0.58 kimol'K™' (the entropies of a nonamer
and decamer are much more similar). For these two aggrega-
tions, one AS is almost three times more negative than the
other, while the corresponding AH values are basically the
same. At 298 K, the very negative value of A found for
5+5—10 is considerably more important than the enthalpic
factors (| TASnuei| = |AdH]), and as a consequence, this pro-
cess is very endergonic (AG= +414 kJmol™"). For 94+1—10
the entropic factors still overcompensate the enthalpic ones,
but to a lesser extent, and the self-assembly becomes less en-
dergonic (AG= 494 kJmol™).

It is important to recognize the limitation of the results
shown in Figure 5. In terms of the total probability for the for-
mation of a supramolecule, kinetic factors should also be taken
into account, as already discussed (vide supra). For instance,
545 is much more thermodynamically favorable than 941 for
1, 2, and 3 (and exactly the opposite for 4). This only reflects
thermodynamic parameters, since a preformed pentamer
would diffuse much more slowly than a monomer in solution.
The monomer would then find a nonamer and get the right
spatial orientation for a much faster self-assembly than two
pentamers would do, even though 545 is predicted to be
more exergonic.

Solvent effects

Although the addition of solvent to the large structures simu-
lated in this work led to convergence problems most likely
due to a very shallow potential energy surface, such calcula-
tions were carried out at least for monomers and dimers by
using the nonpolar methylcyclohexane (MCH) solvent. The ap-
proach used here was to explicitly add a layer of solvent and
to treat the whole system (solute+solvent) by the COSMO
model,*” which uses an implicit solvent layer represented by
a continuous dielectric medium. The final optimized dimer
structures of 1-4 are shown in Figure 7, together with the var-
iations in Gibbs energy for the dimerization process. In all
cases, the dimerizations became endergonic, in contrast to the
corresponding dimerizations obtained in vacuum (Figure 4).
While aromatic interactions are still observed in the solvated
dimer, metal-metal distances become on average 0.1 A longer
for all dimers, and therefore slightly weaker when compared
with vacuum conditions. The results suggest that, at least for
the MCH solvent, dimerization is not spontaneous, which in
principle agrees with the nucleation-and-growth models,
where a small seed is first endergonically formed, followed by
an exergonic elongation step.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Optimized geometry of dimers of 1-4 solvated by MCH and treated by using the implicit-solvent COSMO model. Solute hydrogen atoms were omit-
ted for clarity. Calculations were carried out at the PM6-D3H4X level, and the shown dimerization AG values were evaluated at 298 K.

If we suppose that MCH only shifts up the whole AG curves
shown in Figure 4 as it did with the dimerization AG values,
one may adopt the endergonic dimerization values shown in
Figure 7 to make an extrapolation inside Figure 4 to finally find
that the growth in MCH would become exergonic from n=5
for 1, n=3 for 2, and n>30 for 3. For compound 4, a solvent
other than MCH with a higher polarity should be used to ach-
ieve an exergonic growth. In these cases the corresponding
seeds would be one monomer unit smaller than those extrapo-
lated n values. This is, of course, a very rough picture of the
whole self-assembly process, since full consideration of many
solvent layers for all sizes of aggregates of 1-4 should be
taken, which is still very challenging.

Conclusions

We have investigated two different mechanisms of supra-
molecular polymerization for transition-metal complexes, and
discussed the roles of the metal, the ligand and the solvent on
thermodynamical aspects and the cooperativity of such pro-
cesses. The geometries predicted for the aggregates of 1-3
nicely agreed with experimental measurements carried out for
similar compounds, and in particular, the helical structure pre-
dicted for a decamer of 2 has closely matched previous AFM
results. Several intermolecular interactions were responsible for
the stabilization of the supramolecular systems, namely aro-
matic, CH-m, M-Cl and metallophilic (M-M) interactions, the
latter playing a very important role on the cooperativity of
supramolecular polymerizations. The calculations have re-
vealed that the intermolecular aromatic and CH-m interactions
present in the aggregates of 3 are responsible for the loss of
mobility (rotation and vibration) of the pyridines, which may
explain why similar compounds do exhibit aggregation-in-
duced luminescence.
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The semiempirical calculations have suggested that mecha-
nism Il is thermodynamically preferred over mechanism I for 1-
3, that is, the sequential monomer addition is less spontaneous
than the combination of two larger preformed stacks. We have
predicted positive cooperativity for the supramolecular growth
of 1-3, and that the aggregation of 1 is considerably more co-
operative than that of 2, which is in excellent agreement with
experimental results. The ligand OPE and/or the presence of
Pt" have led to stronger metallophilic interactions and also to
cooperative supramolecular polymerizations, which clearly sug-
gest that the presence of metallophilic interactions is a key
factor for controlling cooperativity.

The more pronounced electron delocalization and polariza-
bility predicted for aggregates of 1 and 2, as evidenced from
the small HOMO-LUMO gaps and shorter M-M distances, have
been related to the non-negligible electronic contribution to
the molecular partition function, which was responsible for the
strongly positive AS predicted for the corresponding supra-
molecular polymerizations.

The addition of explicit and implicit solvent layers has indi-
cated that dimerizations are endergonic in MCH, and has also
enabled us to make a rough estimation of the size n of the
seed for aggregates of 1 (n=4) and 2 (n=2), which may be in-
terpreted in terms of the nucleation-and-growth model.

The semiempirical dispersion-corrected PM6 method has
proven to be appropriate for describing not only the thermo-
dynamics of all aggregates, but also their geometries and in-
termolecular interactions. The theoretical investigations de-
scribed here will contribute to the further understanding of
supramolecular polymerizations and to the design of novel
supramolecular systems based on the relation between their
thermodynamics and the nature of existing synthons.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Experimental Section
Investigated systems

The coordination compounds 1-4 shown in Scheme 1 were
chosen for this work because of the availability of experimental
data describing the formation of supramolecular systems with
some of their derivatives. Ligands bearing OPE (1 and 2) and TEP
(3 and 4) moieties were used. For instance, replacing the methyl
group of the side chains of 1 and 2 by long glycol and alkyl
groups led to compounds able to form supramolecular stack-
ings.” 3" A closely related compound to 3 was reported by Stras-
sert et al. to form supramolecular nanowires exhibiting interesting
photophysical properties.”® The other compound was included in
this series in order to allow for investigating the influence of the
central metal on the assembling and final properties of the supra-
molecular stackings. The 1D supramolecular structures of com-
pounds 1-4 were then built with n monomer units (n=1-10) and
their properties investigated.

Calculation of properties

The geometry of the 1D supramolecular polymers built from com-
pounds 1-4 with different n values (n=1-10) were fully optimized
by performing semiempirical calculations using the PM6-D3H4X
Hamiltonian®® as implemented in the MOPAC2012 program
suite.®¥ This method explicitly takes into account hydrogen bonds
and other dispersion interactions, which are of fundamental impor-
tance in the formation of self-assembled supramolecular polymers.
To take into account the interactions with methylcyclohexane
(MCH), monomers and dimers were first solvated with one layer of
MCH, then the whole system (solute+solvent) was surrounded by
a dielectric layer through the COSMO model.®” Vibrational fre-
quencies were also calculated for all stacks to check the reliability
of the geometry optimizations by the absence of negative frequen-
cies.

General mechanisms of aggregation

In the present study, two different supramolecular aggregation
mechanisms were investigated, which are shown in Scheme 1.
Mechanism | involves sequential steps in which one monomer unit
is added to the former supramolecular column to form the final
aggregate."” This mechanism is widely used in studies of coopera-
tivity of 1D stackings.”*" In mechanism II, an aggregate of n mon-
omers is assembled from two smaller columns of m and x mono-
mer units. The variation in Gibbs energy (AG) associated to each
mechanistic step was calculated in the usual way, for example,
AGgiing = AHgii—g—TASgi1—g, wWhere  AHg g =
AHg—AHzp—AHpy, and ASy . 1g = ASe—ASH—ASq). For each
aggregate, the quantities AH,,, and AS,, were calculated relative
to the elements in their standard state. The heats of formation at
298 K were directly obtained in the output of the MOPAC program
for the geometry optimization step. For the entropy at 298 K,
a thermodynamic calculation based on the molecular partition
function was carried out by using the same program with the key-
word “thermo”.
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Cooperative x anti-cooperative: How
can interactions involving different
metals and ligands be used to predict
cooperativity for the self-assembly of
large supramolecular architectures? To
address this problem, supramolecular
columns made of Pt" and Pd" complexes
of oligo(phenylene ethynylene)-based
pyridine and tetrazolylpyridine ligands
(see figure) were investigated through
the dispersion-corrected PM6 method.
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