Monte Carlo Study of Reversibly Associated Polymers
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Reversibly associated polymers (RAP) are
macromolecules formed by reversible bonding
such as donor-acceptor-type hydrogen bonding
arrays and complementary DNA sequences
shown below. In contrast to traditional covalent
bonds, reversible bonds can be formed or broken
depending on controllable parameters, such as
temperature, concentration, and pH values.
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Thus, these Ja O
‘V[ Sijpesma et al, 1997 polymers ;
- allow easier :}
- control of their m. i
properties

and are responsive to environmental
changes. In our study, we employ
= analytical modeling and Monte Carlo
,? simulations to study association properties
'] e of RAPs in good solvent conditions.
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MONTE CARLO SIMULATIONS

Bond-fluctuation model We use the bond-fluctuation method to
: model oligomers end-functionalized by a
Carmesin & Kremer 1988. |
Deutsch & Binder 1992. donor and an acceptor group. The typical

—— system size considered in our study is
L=64a where a is the lattice spacing.
Each oligomer consists of N monomers
including two end-functional groups. The energy
change for forming a reversible bond is
E,,=8kT. Each monomer, on average, makes a

moving attempt in each MC time step.
acceptor
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e Bonding update
After a moving attempt of an acceptor, any existing W oonor
reversible bond involving this acceptor is assumed
to be broken. Boltzmann weights of all possible bonding configurations for the
acceptor are calculated and one is chosen accordingly. The measurement of
the associating properties starts after the system reaches equilibrium and is

averaged over no less than 222= 4x10°¢ configurations generated by
subsequent MC time steps.

To consider the effect of angle stiffness and the
rigidity of the donor-acceptor complex, for each stiff
bond we apply the following bending energy

E, = Ki(1-cos®)

Angle stiffness

P

Monomer type Donor Acceptor | Backbone | ¢, (a®) Where Kiis the
- stiffness parameter for
Flexible K=0 K,=0 K =0 8.9 103 ) A
—— —| monomer i, and 0is
Semiflexible K= 5kT K= 5kT K;=0 1.7 10 the bonding angle.
Rigid K=6KT | K=5KT | K=5kT | 3910° | gtiffness energy E, is

connected with the entropic loss AS due to angle specificity of the association
with AS=0 for completely flexible complexes. Three types of RAP are
considered in our study as shown in the Table above.
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RING-CHAIN EQUILIBRIUM

At low oligomer concentration,
RAP consists of mostly rings while as
concentration increases, chains take

over. In the chain dominating

the system is well described by a

mean-field theory which depe
on the densities of donor and
groups in the system:

p=exp[AF, ./(kT)(1-p)?n
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where p is the extent of association,
is the oligomer density and
AS is

noligomer
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concentrations (c,,). The concentration for
the ring-to-chain transition (where the

fraction of hydrogen bonds in

chains is equal, c,) follows a similar

scaling power as the overlap
concentration of the oligomer
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the free energy change of the association.

Schubert et al. 2004

Metallo-supramolecular polymers are formed through 1-to-2
coordination bonds between metal and ligands as shown in the
examples below. Similar modeling technique as for the donor-acceptor-
type RAPs can be applied to this case. We introduce metals in these
systems as free monomers that can be bound with up to two ligands.
Each oligomer carries two
identical ligands at its ends. We
have considered two types of
metal-ligand association: 1) the
energy change AE per each
metal-ligand bond is the same
(non-cooperative case) and
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2) the energy for the first metal-ligand bond AE, is different (smaller)

= Flexible RAPs with increasing
C
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than the energy for the

o oligomer length have a smaller
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second bond formed by the

probability of forming small ring
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« and the overall degree of
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ROLE OF METALS

Non-cooperative binding. With
oligomer concentration fixed (c =
9.8x10 a®), the degree of
association increases with metal
concentration until it reaches its
maximum at the stoichiometric
composition (1-to-1 metal/oligomer
ratio). Beyond the stoichiometric
composition, the degree of
association starts to decline as the

degree of association
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metal concentration increases. A similar dependence is observed

The rigidity of the donor-acceptor complex imparts an entropic penalty (AS)

to the reversible bonding and

decreases the overall degree of association.

However, its impact on the crossover concentration of ring-to-chain

transition is less significant
comparing to the rigidity of
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(which differ in complex rigidity) and
between semi-flexible and rigid RAPs
(which differ in backbone rigidity). While the
rigidity of oligomer backbone has a strong
impact on the transition concentrations, it
does not significantly affect the overall
degree of association in the chain
dominating region where the system is well
described by the mean-field theory.

for the molecular weight, also reaching its maximum at the 1:1

metal-oligomer ratio. However the

AE, = AE, = 8KT

m, single-bond metal

double-
bond metal o
free
metal

K x(2N
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decrease in the molecular weight is
more considerable in the metal-rich
region. By analyzing the distribution
of metals among ligands, one can
see that in the ligand-rich region,
most of metals are bound to two
ligands, while in metal-rich region
metals are bound to no more than
one ligand resulting in low molecular

weight in this region.

Analytical mean-field theory
by ‘ o
M, — 2M,)x(M
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An analytical theory for the
metal-ligand association can

—M,-M,) = M, be derived from the

consideration of “chemical
equilibrium” between various
metal and ligand species. The
resulting equations can be

— Solved for m, and m, solved numerically and are in

agreement with simulation results (lines in the Figures).

Rowan & Beck 2004
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Cooperative bonding. The effect of cooperativity (difference
between AE, and AE,) on the formation of metallo-ligand
complexes are illustrated below. In general larger
cooperativity results in higher molecular weight. The sharp
decrease in the average molecular weight in metal-rich region
changes into plateau-like behavior for complexes with smaller

200 200

8
8

1 ]

o A o = AA 4Aaa

£ AE, = 8KT £ AE, = 4kT 4

2 2 4 AE, = 16kT
5 A AE =16kT 5

;-;7 0 A . g; TLICET S
3" ° 8" AE, = 12T
ES ° £ 2=

g p ®AE,=1KT ¢ s

] . s

= L L » = . Ty

H ¢ 3 - AE, -SkT. 2 3 AE, = akT"
H s el = EL

o3

1 10
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energy for the first metal-ligand bonding. The lines in the plot
are estimated using condensation polymerization theory:

(1+p)/(1-p)
with p being the degree of association.

SELECTION CRITERIA

For sustaining molecular
weight in the metal-rich
region, the fraction of
single-bonded metals
should be small and there
should be little redistribu-
tion of metals from double-
bonded to single-bonded
ones. Using our analytical
model we have found the
conditions when both of
these conditions are
satisfied (cross-shaded area in the Figure). Thus to obtain high
molecular weight polymers in metal-rich area the energy for the
first (AE,) and the second (AE,) metal-ligand bonds should
satisfy the following conditions:

AE, <3.775 KT and (AE,-AE,)/KT > AS,-AS,

FUTURE WORKS
Possible future directions of this project include studying the
behavior of RAPs near surfaces or interfaces as well as
predictions of rheological properties of the RAPs such as
viscosity and diffusion coefficient which should allow more
direct comparison with experimental results.
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AE,-3.684KT,

R 11.2KT-AE,
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m1>m2

AE,J(KT)

~3.684.
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