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Influence of Metal, Ligand and Solvent on

Supramolecular Polymerizations wit
Transition-metal Compounds: A Theor

Study.

Naidel A. M. S. Caturello,™ Zsolt Csék,™ Rodrigo Q.

Abstract: The nature of intermolecular interactions governing
supramolecular polymerizations is very important to control their
cooperativity. In order to address this problem, supramolecular
columns made of Pt(Il) and Pd(ll) complexes of oligo(phenylene
ethynylene)-based pyridine (OPE) and tetrazolyl-pyridine ligands
(TEP) were investigated through the dispersion-corrected PM6
method. Aromatic, CH-1r, M-Cl and metallophilic interactions helped
stabilize the supramolecules studied, and their geometries and
associated cooperativities were in excellent agreement with
experimental data. The OPE ligand and/or the presence of Pt(ll)
have led to stronger metallophilic interactions and also to
cooperative supramolecular polymerizations, which clearly suggests
that metallophilic interactions are a key factor to control cooperativity.
The results indicate that sequential monomer addition is in ge
less spontaneous than the combination of two larger pre-f
stacks. The present theoretical investigations contribute to the
further understanding of the relation between the thermodyi i
supramolecular polymerizations and the nature of differen

Introduction

Supramolecular polymers’ consisting of stacked aromatic
have gained considerable interest in recent times due to the
potential in optoelectronic’® and biomedical applications.®
formation is usually driven by variousgclasses of non-cov.

the conventional hydrogen bonding motif o
hydrogen bonding and

incorporation of metals repr
organization of suprgmole
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Supporting information for this le is given via a link at the end of
the document. Thermodynamical quantities related to all
supramolecular polymerizations.
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ctions such as dipole-
s'®"" and the hydrophobic
aromatic interactions (also
iNg), can play an important role in the
upramolecular polymeric assemblies.

upramolecular polymerizations can
be rationalized on ypes.'>"® In the isodesmic process,
all growing steps are characterized by the same value of
a sociationitant regardless of the sizes of the aggregates.

al®" Furtherrpore)
dipole,'? C-H-
effect, ™

the cont , the cooperative mechanism is composed of two
rate steps, in which a thermodynamically unfavorable initial
ation is followed by a highly favored cooperative elongation
proc@s characterized by much higher binding constants. As a
ce, cooperative behavior results in longer
polymers with enhanced degree of internal order
and multiifS@El hierarchy.'” Cooperativity studies of aggregates
based on trisamide derivatives have been described by both de
Greef and coworkers'® and by Albuquerque et al"® using Density
Fungtional Theory (DFT) and semiempirical calculations,
tively.
Oligo(phenylene ethynylene)s (OPEs) are highly extended,
onjugated organic molecules, and are well-known for their
ility to cooperatively self-assemble into a wide variety of
supramolecular structures, driven by non-covalent interactions.®
"3 1t 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 t-interactions in OPEs have strong
impact on the photophysical properties of the self-assembled
materials.?* Pyridine-centered tridentate ligands are highly
versatile building blocks that are extensively used in
coordination chemistry.”® For instance, the combination of a
tetrazolyl-pyridine (TEP) ligand with Pt(ll) led to self-assembled
supramolecular nanowires exhibiting aggregation-induced
luminecence, 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
number of experimental works dedicated to supramolecular

polymers, there have been only a few computational
studies,'®'*??° and in particular, there is only one density-
functional theory (DFT) study involving metal-containing
systems.’

Herein, we report on a theoretical investigation of four self-
assembled metallo-supramolecular columns based either on an



OPE-based 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
mechanisms shown in Scheme 1 are discussed and the role of
the solvent in the stabilization of supramolecular dimers is also
investigated.

M= Pt(II) Pd(ll)

/mp Mechanism | Mechanism I

— L L

N r 1 r 1
N= | =N

1 A py

A

M = PY(ll) Pd(ll)

Scheme 1. Structures of the four coordination compounds used as monomers
to form supramolecular aggregates and general mechanisms of
supramolecular polymerization investigated. The ligands are abbreviated as
OPE and TEP.

Results and Discussion

The results shown in this section are based on the semiem
dispersion-corrected PM6 level of theory, also called PM6-
D3H4X,* which has been already used to predict the etry
of compounds similar to 1 and 2.*' We performed ts were
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recent semiempirical PM7 method,** but
as small as dimers were
xes, suggesting that
(1) complexes

with the more
optimization problems for aggreg
encountered in the case of Pd(ll
this method may not be reliable, at leas
investigated here. Also, dispersion-corri

The description
and aggregates of
of their aggregati
influence of the
mechanisms as wi

the discussion of the
the solvent on these

mechanisms,
al, the ligand

predicted from our semiempirical
calculations are in g ement with the experimental results
recently published for similar derivatives of 1-3.%%**" The results
nd 2 can build aggregates by sequential rotation
er unit by about 13° (for 1) and 22° (for 2) with
ect to the long axis of the aggregate. This helical structure,
was predicted in vacuum, helps maximize intermolecular
ions within the single supramolecular column. Metal-
-M), aromatic (m-m) and metal-chloride (M-CI)
tributing to the stabilization of the aggregates of
1 and 2 aWy depicted in the inset of Fig. 1. Weak hydrogen
bonds involving the side chains also help stabilize the
aggregates. Atomic-Force Microscopy (AFM) investigations of
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gure e
4 only) highlight the helic: n of adjacent pyridines and of metal centers.
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f 1-4 optimized with the semiempirical PM6-D3H4X method in vacuum.

Hydrogens were omitted for clarity. The long tubes (3 and



aggregates self-assembled from a derivative of 2 bearing long
alkyl chains as side groups revealed the presence of such
helical structure.® Explicit considerations of solvent or
intercolumnar interactions present in solid state are expected to
influence the final geometry of each single column, but such
computationally demanding calculations 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
sequentially rotated by about 70° with respect to the long axis of
the aggregate. The intermolecular aromatic interactions
involving pyridine units form a helix, which is highlighted by the
long red tubes shown in Fig. 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 Fig. 1 (transparent tubes). Intermolecular CH-mr (pyridine-
tetrazole) and aromatic interactions also help stabilize the stack.
The interactions involving the pyridines, namely the pyridine-
pyridine and CH-mr interactions strongly reduce the rotational
and vibrational freedom of the pyridine. The predicted 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 intermolecular CH-tr
interactions. This might eliminate non-radiative deactivatign
paths responsible for luminescence quenching, which
explain why long aggregates of a very similar derivativ
undergo aggregation-induced luminescence.?®

The evolution of some general
aggregates of 1-4 upon increasing the number of mo
n is shown in Fig. 2. Fig. 2a reveals that
interactions play a crucial role in the stabij
aggregates, the corresponding M-M
increasingly more stable (or shorter) upon incre
means one can interpret Fig. 2a as a measure of coo
among metal bonds. Note that all intermolecular interacti
together contribute to the final thermodynamic quantities
governing the aggregation, which may, lead to an overall i
cooperativity as, for instance, predic
though the formation of metallo
cooperatively.

(Fig. 2a) shows that
independently of the
bond strengths for aggre
experimental observations

to see how the nature of the metal
metal-metal bond strength (Fig. 2a).
igand (1 and 2) by the TEP ligand

(3 and 4), the metal- ce gets larger, independently of
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the metal considered. If one keeps the same (TEP) ligand as in
4, but changes the metal from Pd(dto Pt(Il) as in 3, the metal-
metal distance becomes shorter. e happens when one
compares 2 and 1, where again Pt(ll) g e to shorter M-M
bond distances. This allows us to conc| igand OPE
and/or the presence of g@bBt(ll)
metallophilic interactions for
The HOMO-LUMO gaps

the supramolecular s
constant (Fig. 2b). ilar red shid of the HOMO-LUMO gap
with the increasgl of n has n reported for other
supramolecular sygildms without metajillenters and even without
aromatic interactior@l’ indicating thatjille proper arrangement of
A

investigated here.
upon increasing n for
here it is nearly

3.8

Metal-Metal Distance / A &,

3.7 e oo i

HOMO - LUMO gap/ eV .S

1 per monomer unit / Debye &,
T

Figure 2. Trends of metal-metal distances (a), HOMO-LUMO gaps (b),
and electric dipole moment per monomer unit (c) for aggregates of 1-4
with n monomer units. Calculations were done at the semiempirical PM6-
D3H4X level in vacuum.



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 (see Fig. 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
observed for metal-free supramolecular columns composed of
benzene- and cyclohexane-trisamides.'®*® The aggregates of 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. 2b
also reveal that the stacks continuously become softer (or more
polarizable) upon growing. This effect is more pronounced for
compounds having the OPE ligand (1 and 2), and has
interesting consequences for the corresponding entropy of
aggregation as will be shown.

Fig. 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 Fig. 2c indicates that the geometry of
monomers inside the stack continuously changes
successive monomer additions up to about n = 10, and
tends to be constant. The existence of a cooperative growth for

part associated with a slow increase in the dipole
monomer unit.'® Here, u/n keeps decreasing for a
(this in fact depends on the geometry of each cas,
them also self-assemble cooperatively, as will
We will see that other factors, particularly thermo
need to be taken into account for attributing positive or
cooperativity.

Aggregation mechanisms and coopejativity
The changes in enthalpy, ent

the growth of the supramolecular structur
mechanisms described in Scheme 1 are

tabilization is
lar interactions

r aggregation.
entropies are worth to discuss
Gibbs energies. The
echanism |) means that
ined to form a more
of n monomer units. One expects
Id decrease, i.e., AS < 0, but the
3 are not always negative.

aggregation of th
two less organize
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for the addition of one monomer to a stack of
for compounds 1-4. Calculations were done
| level in vacuum at T = 298 K. The
electronic contributiol 0pY, ArSeiectrons, 1S dominant at the upper
(cyan) part of the plot, while the nuclei contribution, AsShucei, is more
important at the bottom (gray) part. The dashed lines are trend lines.

If one tdkes into account only the atomic positions of all the
i inside the aggregates and the fact that monomers inside
regates have their degrees of freedom restricted, one-
nal supramolecular aggregates tend to be more
less entropic than the precursor monomers.
ramolecules exhibiting increasingly smaller metal-
metal distahces, or alternatively, smaller monomer-monomer
distances inside a stack tend to delocalize more the electrons
alogg the long axis of the aggregate. Such systems become
olarizable upon growing, as evidenced by the smaller
O-LUMO gaps exhibited by larger aggregates (Fig. 2b), or
n by the red shift of excited states exhibited by other 1D
gregates.®®* The higher electron delocalization and
polarizability 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
disorganized upon self-assembling and therefore AsS would tend
to be more positive. The final AsS values predicted here (Fig. 3)
were obtained from molecular partition functions containing both
electronic and nuclei contributions, and therefore could be
written as AsS = AsSnuciei + ASelectrons. 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 excited
states or energy levels can become very close to each other,'®*
the electronic partition function becomes increasingly more
important, i.e., the degree of accessibility of the electronic states
of the system becomes higher.

For aggregates of 1 and 2, which exhibit considerably
smaller HOMO-LUMO gaps and metal-metal distances (see Figs.
2a,b), the electronic delocalization effects become dominant
over the nuclei effects for larger n values and for this reason A:S
gradually increases with n, eventually becoming positive (Fig. 3).
On the other hand, aggregates of 3 and 4 have larger HOMO-
LUMO gaps and metal-metal distances (Figs. 2a,b), which



means that the electronic delocalization and the polarizability are
small. In this case, the increase in entropy caused by the
electrons upon supramolecular aggregation is much less
pronounced than the decrease in entropy of the nuclei, namely
|AtSnuciei] > |ArSelectrons|, and therefore AS < 0 (Fig. 3). In the case
of 4, this is even more extreme, since the large HOMO-LUMO
gap (or very small polarizability) is nearly constant (Fig. 2b),
meaning that the electronic contribution to the entropy becomes
much smaller than the one originating from the nuclei, i.e., AS
becomes very negative.

Fig. 4 shows how A:G depends on n for the addition of one
monomer to a pre-formed stack (mechanism 1). The
supramolecular growths of aggregates of 1-3 were predicted to
be exergonic (A/G < 0) at room temperature in vacuum and
therefore the corresponding stacks are predicted to exist, which
is in agreement with experimental data of similar
compounds.®*®*" No experimental data on cooperativity was
found for 4.

—200

A¢G / kJ.mol!

—400

—600

Figure 4. Changes in Gibbs energy for the addition of one monomer
stack of n-1 monomers as a function of n for compounds 1-4.
Calculations were done at the PM6-D3H4X semiempirical level in
vacuum and AG was evaluated at T = 298 K.

According to Fig. 4,1, 2 and 3
i.e., the addition of one monomer t
the next monomer addition even mo

it could be regarded as
approximately constant, The
independently of the
which may be related
interactions present in the

published elsew
it is evident from
steeper than that

urve for 1 is on average
2, especially if we compare the
Fig. 4, gray dashed lines). Fernandez
d experimental results suggesting
embly of a derivative of 1 is
of a derivative of 2,*' which

considerably stronger
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agrees with the results shown in Fig. 4. This indicates that the
semiempirical calculations reporte re are reliable, being able
to predict geometries of aggregate || as to correctly order
the cooperativity of slightly different com

In the theory of nucleation an

ontaneous
ggregate or
-spontaneously formed.
2) in such models, but
dergonic growths
ay try to interpret
of a large seed, where
uld begin to become
It to prove due to the
ecamer, and because of

larger ones can also
were not found for
the curve obtaine
further growth b
cooperative. This
already large

such models were
parameterized to repr e enthalpies of formation at this
temperature. Therefore, direct comparison between the results
the pres, investigation and the nucleation-and-growth
dels sHgld be done with great care, since no
ic/temperature effects were considered here. Solvation
may still allow us to qualitatively discuss a bit more of this
s will be shown later.

hows how AG for the assembling of a
of n monomer units depends on the sizes of two
smaller sta¥ks m and x (x = 2-5), using 1-4 via mechanism Il
(see Scheme 1), where m + x = n. For instance, m + 2 indicates
the addition of a pre-formed stack of m monomer units to a

10: m + 2 (octamer + dimer), m + 3
ptamer + trimer), m + 4 (hexamer + tetramer), and m + 5
pentamer + pentamer). The "m + 1" case (gray dashed lines)
corresponds to the mechanism | and is also shown in Fig. 5 for
comparison.

According to Fig. 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
thermodynamically more stable to grow a pentamer of 1 by
combining a dimer and a trimer (2 + 3 — 5) than by adding one
monomer on the top of a tetramer (4 + 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
(5+5— 10, AH = -860 kJ.mol”, AS = +2.6 kJ.mol"'K) than by
combining a nonamer and a monomer (9 + 1 — 10, AH = -291
kd.mol”, AS = +1.1 kd.mol’K™"). This can be understood by
paying attention to the respective values of AS and AH. The
considerably larger A$S 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
aggregation, following the same line of previous discussions
(vide supra). The AH values of 5+5 —10and 9 + 1 — 10 are
also very different from each other and are related to the fact
that, e.g., Haimer Z 2Hmonomer. IN Other words, the enthalpy per
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Figure 5. Changes in Gibbs energies for mechanism Il (
the combination of two small stacks of 1-4 having
monomer units to form a stack of n monomer units (m + x = n).
were done at the PM6-D3H4X semiempirical level in vacuum and
evaluated at T = 298 K. Gray dashed lines represent the mechanism |
comparison purposes.
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Figure 6. Enthalpy (H) per Monomer unit as a function of n for 1-4.
Calculations were done at the PM6-D3H4X semiempirical level in vacuum and
H, was calcula?lative to the elements in their standard state at T = 298 K|

whichH=0

Curiously, the mechanism | is thermodynamically more
i.e., the gray dashed line in Fig. 5 is more exergonic than
, for aggregates of 4, which are predicted to grow anti-
This can be explained based on the smaller

Aggregates¥of 4 have increasingly negative AsS as a result of the
condition |ArSnyciei| >> |ArSelectrons| (vide supra), which strongly
influences AG. We can compare 9 + 1 — 10 (mechanism |, AH

pentamers due to electronic effects, the latter aggregation
s AS = -1.64 kJ.mol" K", while for the former AS = -0.58
J.mol.K™" (the entropies of a nonamer and decamer are much
more similar). For these two aggregations, one AsS is almost
three times more negative than the other, while the
corresponding AH's are basically the same. At 298 K, the very
negative value of AsS found for 5 + 5 — 10 is considerably more
important than the enthalpic factors (|TArSnucieil >> |AH|), and as
a consequence, this process is very endergonic (AG = +414
kJ.mol™). For 9 + 1 10 the entropic factors still
overcompensate the enthalpic ones, but to a lesser extent, and
the self-assembly becomes less endergonic (AG = +94 kJ.mol™).

It is important to recognize the limitation of the results
shown in Fig. 5. In terms of the total probability for the formation
of a supramolecule, kinetic factors should also be taken into
account, as already discussed (vide supra). For instance, 5 + 5
is much more thermodynamically favorable than 9 + 1 for 1, 2,
and 3 (and exactly the opposite for 4). This only reflects
thermodynamical parameters, since a pre-formed 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 5 + 5 is predicted to be more
exergonic.

—




Solvent effects

Although the addition of solvent to the large structures
simulated in this work led to convergence problems most likely
due to a very shallow potential energy surface, such calculations
were carried out at least for monomers and dimers using the
nonpolar methylcyclohexane (MCH) solvent. The approach 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 structures dimers of 1-4
are shown in Fig. 7, together with the variations in Gibbs energy
for the dimerization process. In all cases, the dimerizations
became endergonic, in contrast to the corresponding
dimerizations obtained in vacuum (see Fig. 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.

V’M—MQ} "', "," W 7
Mﬁ@%&—&f S0~
A'(i‘ =196 kJ/mol AG,, +82 kJ/mol
2 4 g & 2
) - »

1 \-7;-:"}‘-"3‘-’#4
MW

4

1—y= 82 kJ/mol

AG

Figure 7. Optimized geometry of dimers of 1-4 solvated by MCH and trea
using the implicit-solvent COSMO model. Solute hydrogens were omitted for
clarity. Calculations were done at the PM6-D3H4X level, and the sh@wn
dimerization AsG's were evaluated at 298 K.
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1-4 should be taken, which is still very

WILEY-VCH

Conclusions

mechanisms  of
etal complexes,
solvent on

We have investigated two
supramolecular polymerization for tran
discussed the roles of the metal, the li
thermodynamical aspects
r the aggregates of 1-3
easurements done for
helical structure
hed previous AFM
ns were responsible for
stems, namely aromatic,
interactions, the latter

the cooperativity of

similar compounds,
predicted for a deca

the stabilization of
CH-m, M-CI and

similar exhibit
luminescence.

The semiempirical calculations have suggested that

chanism | thermodynamically preferred over mechanism |
1-3, i4 the sequential monomer addition is less
taneous than the combination of two larger pre-formed
We have predicted positive cooperativity for the
olecular growth of 1-3, and that the aggregation of 1 is
ore cooperative than that of 2, which is in
ment with experimental results. The ligand OPE
and/or the Presence of Pt(ll) have led to stronger metallophilic
interactions and also to cooperative supramolecular
polymerizations, which clearly suggest that the presence of
ophilic interactions is a key factor to control cooperativity.
he more pronounced electron delocalization and
rizability predicted for aggregates of 1 and 2, as evidenced
m the small HOMO-LUMO gaps and shorter M-M distances,
ave 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
supramolecular polymerizations.

The addition of explicit and implicit solvent layers has
indicated 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
interpreted in terms of the nucleation-and-growth model.

The semiempirical dispersion-corrected PM6 method has
proven to be appropriate to describe not only the
thermodynamics of all aggregates, but also their geometries and
intermolecular interactions. The theoretical investigations
described 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.

aggregation-induced




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 stackings.®'"*" A closely related
compound to 3 was reported by Strassert 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 supramolecular stackings. 1D supramolecular structures of
compounds 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 for compounds 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 importance 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 via the COSMO
model.*’” Vibrational frequencies were also calculated for all stacks to
check the reliability of the geometry optimizations by the absenc
negative frequencies.

which one monomer unit is added to the former supramo!
to form the final aggregate.'® This mechanism is widely u

ASg) - AS(7y - AS(q). For each aggregate, the quantities AH ) and
were calculated relative to the elements in their standard state. The
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