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Inclusion-Dissociation Transition in the Complex Formation between Molecular Nanotubes
and Linear Polymer Chains in Solutions
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The inclusion-dissociation behavior in the complex formation between molecular nanotubes and linear
polymer chains in solutions is theoretically investigated by using the Flory-Huggins lattice model.
While, in a good solvent, the polymer chains are gradually dissociated from or included into the tubes
with varying temperature, the inclusion-dissociation transition occurs sharply in a poor solvent with a
hysteresis loop. [S0031-9007(98)06240-1]

PACS numbers: 61.25.Hq

Nanotubes which are fine capillaries with an inside
diameter of nm order have attracted a great interest of
many physicists because of their peculiar structures. A
typical example is a carbon nanotube formed by an arc-
discharge method [1]. Recently, a new series of nanotubes
with diameters smaller than carbon nanotubes have been
chemically synthesized from cyclodextrin (CD) molecules +
of cyclic form by Haradeet al. [2—4]. They prepared a
polyrotaxane supramolecule in which CDs were threaded Li alvier
on a polymer chain with bulky ends and obtained a . L. Inear poly
molecular tube by cross-linking the adjacent CD units in Dissociation II

Inclusion

Molecular nanotube

the polyrotaxane [4]. By removing the bulky ends of the
polymer thread, the tube was unthreaded and acted as a host
for reversible binding of small molecules. This molecular
nanotube, which is soluble in several kinds of solvents
such as water, has a constant inside diameter (e.g., 0.45,
0.70, and 0.85 nm faz-, B-, andy-CD, respectively) and

a longitudinal length of submicron order, controllable by
varying the length of the polymer chain as a mold, and can
form an inclusion complex with a linear polymer chain as
shown in Fig. 1(a).

Owing to the infinitesimal inside diameter of a molecular
nanotube, a polymer chain forming an inclusion complex
with the nanotube has an extended conformation, such as
a planar zigzag one, with no degrees of freedom other than
a translational motion along its longitudinal axis, which is
reminiscent of a well-known “tube” model for the entan-
glement effect of polymer chains [5]. Thus, the inclusion
of a polymer chain into a molecular nanotube is entropi-
cally unfavorable and is promoted by an attractive interac-

: , Sfe @ oF
tion between the chain and the nanotube. In other words, eYeteIeTelelelololore elelelole o o er
as the temperature increases, the polymer chain dissociates jgg S 8‘@0005‘?@00@0@ OQ-
from the nanotube and recovers its intrinsic entropy of a atetel _Qgg[Lmear polymeﬂ
random conformation in solution. The entropy increases e
linearly with increasing the contour length of the chain if (b)

the chain has a random conformation. Accordingly, a dras- ) ) )
tic change of entropy occurs with the inclusion or dissociaf!G: 1. An inclusion complex formation of a molecular

i fal | hai d lead to a t i |{1anotube and a linear polymer chain. (b) A lattice model for
Ion of a long polymer chain and may lead to a transilionay,q system consisting of molecular nanotubes, polymer chains,

behavior in _the complex formation between the nanotub@nd solvent molecules. The dissociated chains interact with
and the chain. each other.
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The purpose of this Letter is to investigate theoreti-inclusion complexes with polymer chains. Then=
cally the inclusion-dissociation behavior of the complexi/N, and « = N./N; denote the number ratios of the
between the molecular nanotube and the linear polymdnclusion tubes to the total ones and of the total polymer
chain in solutions. In addition to the conformational en-chains to the total tubes. By using the Flory-Huggins
tropy and the tube-chain interaction energy, the propertyheory, we estimate thg and o« dependences of the free
of solvents, good or poor, is another important factor domenergy F of the system, in which part of the polymer
inating the inclusion-dissociation behavior. This effect ischains is dissociated from the tubes and interact with each
incorporated into the present theory by using the Flory-other as shown in Fig. 1(b). First, we calculate the energy
Huggins lattice model [6]. differenceAE of the system from the full dissociation state

To evaluate the free energy of a system consistinghat all of the chains without interaction are dissociated
of molecular nanotubes, polymer chains, and solvenfrom the tubes.
molecules, we adopt a lattice model assuming that the Let us consider thai chains are fully included into
tube and the chain are composed of segments with the tubes and the other chains remain dissociated. The
same size as the solvent molecule occupying one site dnclusion of a chain segment into a tube means that 2
the lattice. In this system, lef) be the total number chain segment—solvent molecule pairs and- 2 tube
of lattice sites and: be the coordination number of the segment—solvent molecule pairs are replaced; by 2
lattice. For simplicity, we further assume that the tubeconnections between the chain segment and the inside of
is fully rigid and has a longitudinal length equal to the the tube. Consequently, the inclusion enetgl;, of a
contour length of the chain; namely, both the tube anchain into a tube is given by
the chain consist oN segments occupyiny connected

lattice points. The inside of the tube is filled with chain AEy, = —(z — 2) (€ — €5 + € — €cs)Ni
segments or solvent molecules, so that the tube segment
also occupies one lattice site together with the chain seg- = —Ae,Ni, 1)

ment or the solvent molecule. While the chain dissociated
from the tube has a flexible or coiled conformation withwheree.;, €, €, and e.s are, respectively, the interac-
many internal degrees of freedom, the inclusion into theion energies of chain segment—tube inside; solvent mol-
tube drastically changes the chain conformation to a rigicecule—tube inside; solvent molecule—solvent molecule;
rodlike one. Then the number of ways of placing theand chain segment—solvent moleculdE;, represents
rodlike chain fully included into a tube is estimated to the inclusion-dissociation energy per chain segment. On
be Oz, which is much smaller tha@z(z — 1)¥ "2 for a  the other hand, the dissociated chains interact with each
dissociated flexible chain. other and with the outside of the tubes as shown in
Let N, andN, be the total numbers of tubes and polymerFig. 1(b). According to the Flory-Huggins theory [4], the
chains, respectively, andoe the number of tubes formin? interaction energy E;,,, of the chains is evaluated to be

ZN* (N, — i) NN}
AEint = _(ecc + €ss — 2605)# - (600 + €ss — 2650) :
20) 2Q)
ZN2N;(N, — i)
- (Gco + €ss — €cs T Gso)+
N3(N, — i)? N3N} N2N.(N. — i)
= _A6CC T - A600 L - A6C0 tTC’ (2)
where e, €40, €50, and €., are, respectively, the interl tube outsides is given by
action energies of chain segment—chain segment; tube ' NZ(N, — i)?
outside—tube outside: solvent molecule—tube outside; andE(i) = AEin + AEi = —A€nNi — Aec Q
chain segment—tube outside. HeYe.., Ae,,, andAe.,
are defined as follows: N>N? N2N,(N. — i)
Y q A€, —0q 4
Z
At = (€cc + €5 — 26cs), By omitting the third term independent of Eq. (4) is
. rewritten with the volume fractio, = NN,/ of tubes,
A€oy = = (€0 T+ €55 — 2€50) s (3) the inclusion fractionp = i/N, of tubes, and the ratio
2 a = N./N; of the total chains to the total tubes in the
Aeco = Z(eco T €55 — €cs — Eso)- solution as

E(p) = NN,[—A€pnp — ®,Aeco(a —
Therefore, the total energy differencRE due to the () L= Aenp Aeola = p)

inclusion of chains and the interactions among chains and — ®,Aecc(a — p)?]. (5)
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Next we focus on chains forming the inclusion com- C(p) = (1 — 1/T)AS/kz — ®,(a — p)(1 — O../T).
plexes with tubes. These chains are not necessarily in- )
cluded fully into the tubes, i.e., they can partially dissociate .
from the tubes as shown in Fig. 1(b). For simplicity, weHere we introduced the reduced temperatfire- 7/T.
assume that the chain segments extruding from the tukend the reduced® temperature®. = 2Ae€./kpT,.
have no interactions with each other but interact with theSince the chains in the inclusion state are independent of
fully dissociated other chains. Then, the partition functioneach other, the partition function of the included chains

B of a fully or partially included chain is given by as a whole is given ag'.
N—1 By calculating the total number of ways for arranging
B(p) = 2= 'l - ®(a — p)T dissociatedV,. — i chains,N, — i tubes, and inclusion
() ,;)( Il 3 2 complexes, we have the partition functigKi) of the total

system as

% ex;{ —I’l[Afin - Z(I)tAfcc(a - p)]j|, (6)

kgT 2() = Q)N (Q)N T (Qz) N,+NL—i—1<1 B &>N
wheren is the number of segments extruding from the tube, (Ne = D)V (N, — )P ! =0 Q
and kgT is the thermal energy. Here we introduce the .
temperaturd’. defined by X Bi(z — 1)VWei) gx _AE(1)> (10)
kgT ]~

TCZAinkl,—l EAinA, 7 . . .
€in/Lks In(z )] €in/AS () Here the first two factors on the right-hand side represent

where AS represents the inclusion-dissociation entropythe number of ways for placing the fully dissociated

per chain segment based on the free rotation aroungolymer chains and tubes on the lattice. The third factor

covalent bonds. Itis to be noted that, whEn= T., the  comes from the arrangement of the inclusion complexes

inclusion energy and the polymer entropy are balancingon the lattice, and the fourth indicates the excluded volume

Equation (6) is rewritten to a simpler form, effect.

| — exdNC(p)] _ By using a proper approximation and taking the loga-
p (8)  rithmof Eq. (10), we have the reduced (i.e., dimensionless)

B(p) =

1 —exdC(p)] "’ free energyF( p) per tube as a function of the inclusion
where | fractionp = i/N;:
— F(p) [NAS( 1> < @CO> Nze} N®,(a — p)2< @Cc>
F(p) = = - =] -NO(1l - =) +In="—|p+ ———(1 - =
(P) = NkuT ks 7) N T "o, |7 2 T
—phnB(p) + (@ = p)In(e = p) + (1 = p)In(1 = p) + plnp, (11)
where the terms independent of have been_omitted| hysteresis at the transition temperatﬁ_h,t 1 in the limit
and O, is the reduced temperature defined Oy, = of N — . On the other hand, the-T curve shown in
A€o /kpT.. Fig. 4 indicates that the inclusion-dissociation transition

Figures 2(a) and 2(b) show thedependence af (p)  occurs with a hysteresis loop At< O, i.e., in the poor
for different values of the reduced temperatrein a  solvent region.
good solvent regionT > O.) and in a poor solvent _ Figure 5 shows the-a curves for different values of
region(T < O..), respectively. Figure 2(a) indicates that ®... The inclusion fractionp increases linearly and
the free energy curve is always concave upwards fosaturates with increasing in the good solvent region.
0 = p =1, so that, asT changes, the polymer chains On the other hand, the dissociation transition can occur
are gradually dissociated from or included into the tubesafter the continuous inclusion in the poor solvent.
in a good solvent. On the other hand, a poor solvent In summary, the inclusion-dissociation behavior in the
produces two local minima of the free energy as shown itomplex formation between the molecular nanotubes and
Fig. 2(b) owing to the second term on the right-hand sidghe linear polymer chains in solutions was investigated
of Eg. (11). Then, there are two stable inclusion fractionstheoretically by using the Flory-Huggins lattice model.
and an inclusion-dissociation transition is expected tdn a good solvent, the polymer chains are continuously
occur between them with varyirig. dissociated from or included into the tubes @sor
Figure 3 shows theT dependence of equilibrium « varies. On the other hand, the inclusion-dissociation
value of p, which has been obtained from the conditiontransition occurs in a poor solvent with a hysteresis
daF(p)/ap = 0 for different values ofV in the good sol- loop. These theoretical results are useful for the control
vent. AsN increases, the inclusion-dissociation behaviorof supramolecular structures formed by nanotubes and
becomes sharp and approaches a transitional one withopolymer chains.
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on the ratioa = N./N, for different values of the reduced
theta temperatur®... The solid curves are obtained from the
condition aF(p)/dp =0 for N =500,z =6, T = 0.985,
and®, = 0.05.
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