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Switching transition of molecular nanotubes forming an inclusion complex with block
copolymers in solutions
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Switching behavior of molecular nanotubes forming an inclusion complex with block copolymers in solu-
tions is theoretically investigated. As temperature changes, a nanotube including a miscible block copolymer
gradually moves from one polymer chain to the other, while a switching transition sharply occurs with a
hysteresis loop in an immiscible block copolymer. In a recurrent block copolymer comprising linear polymers
of four different types, a nanotube travels on the copolymer rail stepwise with undulating temperature: a
molecular motor operated by temperature undulafii063-651X%99)51504-3

PACS numbeps): 61.25.Hq

Nanotubes, fine capillaries with an inside diameter of nm Now let us consider an inclusion complex of the molecu-
order, have attracted great interest among many physicistar nanotube and a block copolymer comprising linear poly-
because of their peculiar structures. As a typical example, mer chains of two type#, B as shown in Fig. @). Like the
carbon nanotube formed by an arc-discharge method hgsolyrotaxane prepared by Harada, Li, and Kamaéhiboth
been investigated intensively so far. Recently, a new seriesnds of the block copolymer are terminated with bulky ends
of nanotubes with diameters smaller than carbon nanotubesf large substitutional groups so that the block copolymer
were chemically synthesized from cyclodext(@D) mol-  cannot dissociate from the nanotube. If thechain has in-
ecules of cyclic form by Harada, Li, and KamadHii,2].  clusion energy and entropy larger than Behain, the nano-
They prepared a polyrotaxane supramolecule in which CDsube includes thé\ chain at low temperature or th# chain
were threaded on a polymer chain with bulky ends and obat high temperature. In other words, the nanotube switches

tained a molecular tube by crosslinking the adjacent CD
units in the polyrotaxane. By removing the bulky ends of the
polymer thread, the tube was unthreaded and acted as a host
for reversible inclusion of small molecul¢g] and a linear
polymer chain[3]. This molecular nanotube, which is
soluble in several kinds of solvents, such as water, has a
constant inside diametée.g., 0.45, 0.70, and 0.85 nm far,

B-, andy-CD, respectivelyand a longitudinal length of sub-
micron order, controllable by varying the length of the poly-
mer chain used as a mold.

Owing to the infinitesimal inside diameter of the molecu-
lar nanotube, a polymer chain included in the nanotube has
an extended conformation, such as planar zigzag with no
degrees of freedom other than a translational motion along
its longitudinal axis. Therefore, the inclusion of a polymer
chain in a molecular nanotube is entropically unfavorable
and is promoted by an attractive interaction such as a hydro-
phobic one between the chain and the nanotube, so that a
drastic change of entropy occurs with the inclusion or disso-
ciation of a long polymer chain. In our previous paper, we
theoretically treated the inclusion-dissociation behavior of
the nanotubes and the linear polymer chains in solutidhs
The theory predicts that the polymer chains in a good solvent
are gradually either dissociated from or incorporated into the
tubes with varying temperature, while the inclusion-
dissociation transition occurs sharply in a poor solvent with a
hysteresis loop. Because the attractive inclusion energy and
the conformational entropy varies with the species of the
polymer chain, the transitional temperature strongly depends
on the polymer species.
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FIG. 1. (&) A switching complex formation of a molecular nano-

tube and a block polymerb) A lattice model for the system con-
sisting of switching complexes and solvent molecules. The pro-
* Author to whom correspondence should be addressed. truded chains interact with each other.
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back and forth between th& and B chains as temperature switching complex. With a mean-field approximatid, the
varies. Thus, we call such an inclusion complex “switchinginteraction energ¥;(n,T) is given by
complex.”
The purpose of this Rapid Communication is to investi- Ej(n,T)=—npPAe,,—n(1—p)PAsgy,
gate theoretically the switching behavior of the molecular
nanotubes in the switching complexes in solutions. In addi- ~(N=m(1=p)PAzsp—(N=n)pPAz,p,
tion to the conformational entropy and the tube-chain inter- 2
action energy, the property of miscibility betwednand B ) o ) _ _
chains is another important factor dominating the switchinghherep is the switching ratio defined bp=n/N and ¢
behavior. This effect is incorporated into the present theory= NN/} denotes the volume fraction of polymer chains of
by using the Flory-Huggins lattice modg]. each type or tubes. In EQ2), Aeaa, Aepp, andAe,, are
We adopt a lattice model assuming that a molecular nancdefined by
tube and arA-B block copolymer are composed of segments
with the same size as a solvent molecule occupying one site
on the lattice as shown in Fig(ld). In this system, lef) be
the total number of lattice sitezthe coordination number of
the lattice, andN the number of switching complexes. The
inside of the tube is filled with eithek or B chain segment,

so that the tube segment also occupies one lattice site to- : .
wheree,,, €pp, €ap, @aNdegg are, respectively, the interac-

gether with the chain segment. For simplicity, we assume, | " Sy of A seamentA seamentB seamentB sed-
that the tube is fully rigid and has a longitudinal length equal 9y 9 g ' 9 9
ment, A segmentB segment, and solvent molecule—solvent

to the contour length of tha or B chain, namely, each of the ;
tubes and thé\ angd B chains consists df segyments occu- molecule. Accordingly, the total free ener@y(n,T) of the
eswitching complex is given by

pying N connected lattice points. Therefore, the nanotub
can move byN segments on the block copolymer. F(n,T)=F(n,T)+E(n,T)
First, let us evaluate the free-energy difference of the ’ s e

Agaa=(Z2=2)(gaatT 855~ 2849),
Aepp=(2—2)(eppt ess— 28ps), (3

Agap=(Z2—2)(eapT &ss— Eas™ Eps),

switching complex from the full inclusion state with ti#e T

chain. When the tube moves by a segment towardsBthe :”ASS(l_ T )_np(DAgaa_n(l_p)q)Agab
chain on the block copolymeg—2 “A segment—tube in- s

side” pairs andz—2 B segment—solvent molecule” pairs —(N=n)(1-p)PAcp,— (N—n)pPAec,,. (4)

are replaced by—2 “B segment—tube inside” pairs and
z—2 “Achain—solvent molecule” pairs. Letbe the number When the tube moves by a segment towardsBhehain, a
of B segments included in the nanotube, corresponding to théhange in the free energy is given by
displacement of the tube from the full inclusion state with
the A chain. Then the free-energy differenég(n,T) is AF= dF(n,T)
given by dn

Fon.T) =2~ 2) (50— £as— 201+ 260~ T(Sa~ S)] el ddes1= D+ @LEP=HOn= O] O

—n(As—TAS,), 1) Here we introduce a reduced enemyg,=Ae./(kgTs) and

reduced temperaturesT=T/Ts, O,=(2Ae y—Aeg,
—Aepp)/(2kgTs) and Og=(Ae o~ Aepp)/(2kgTs), where
kg is the Boltzmann constan®,, and O represent, respec-
tively, the miscibility and the difference in solubility be-
tweenA andB chains.

The partition function of a switching complex is given by

wheree,;, €5, €pi, aNdeyg are, respectively, the interac-
tion energy of A segment—tube inside pairg, segment—
solvent molecule paird3 segment—tube inside pairs, aBd
segment—solvent molecule pairs. In Efj), S, and S, rep-
resent the conformational entropy per segment ofAtend
B chains, respectively, based on the free rotation around co- N
valent _bo_nds. fl'hereforezﬁsS and AS; indicate the differ- B= E K= (1-KN*1)/(1—K), 6)
ences in inclusion energy and entropy betw@eandB seg- n=0
ments. If N is large enough, the free-energy difference
F«(N,T) between the full inclusion states with theandB ~ Where
chains changes drastically with varying temperaflirdt is
to be noted that whef=T,=Ae /AS;, inclusion forces
toward theA andB chains are balanced. : o .

On the other hand, linear polymer chains extruding fromTherefore, we obtain the switching raoof the complex as
the tubes interact with each other. Next, we focus on misci- N
bility betweenA andB chains. Let us consider that a switch- p(K)= i 2 nK" =
ing complex includingn of B segments interact with the NB 1
other switching complexes includingof B segments in the
solution, wheren is the average value of, namely, the av- Since K depends orp as shown in Eqgs(5) and (7), we
erage number oB segments incorporated into the tube perdeterminep from Eg. (8) self-consistently.

K=exg —AF/(kgT)]. @

—K ( N 1—KN)
o KN ®
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Reduced temperature FIG. 4. T dependence of the switching raticfor different val-
FIG. 2. T dependence of the switching raticfor different val- ~ Ues of O for immiscible block copolymers. The solid curves are
ues ofN for miscible block copolymers. The solid curves are cal- calculated from Eq(8) with N=500, #=0.05,0,= — 1, andAe;
culated from Eq.(8) with ®,=0, ®=0.01, ©®,=0, and Ae,  —0->
=1.00. This behavior is equivalent to that of a single switching _
complex because the interaction eneEgyis constant. the p-T curve shown in Fig. ®) indicates that the switching

transition occurs with a hysteresis in immiscible block co-

Figure 2 shows th& dependence q for different values ~Polymers. Figure 4 shows the T curve for different values
of Nat®,,=0, i.e., in the case of miscible block copolymers. of ©s at ®,<0. It is seen that the transition temperature
As N increases, the switching behavior becomes sharp angtrongly depends ofd, the solubility difference betweeh
approaches a transitional behavior without hysteresis at thendB chains.
transitional temperatur€=1 in the_limit of N—o. Finally, let us consider switching behavior of the nano-

Figures 3a) and 3b) show theT dependence op for tube including a recurrent.block copolymer compri_sing linear
miscible block copolymers @,,=0) and for immiscible PClymer chains of four different types, B, C, D with the

. . same contour length as shown in Fig. &). Each polymer
block cgpglymers On=0), respectwely. Figure(@) shpws chain has the inclusion energy and entropy efe(;,S,),
that as®,, increases, the nanotubes shift gradually with vary-

ing temperature on miscible block copolymers. Conversely,
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— linear polymer chains of four different type&) Schematic free-
FIG. 3. T dependence of the switching ratfor different val-  energy map along the block copolymer for different temperatures.
ues of O, for (a) miscible and(b) immiscible block copolymers. The ball represents the location of the nanotube on the block co-
The solid curves are calculated from E) with N=500,»=0.05,  polymer.(c) Stepwise motion of the nanotube, induced by tempera-
0,=0, andAe,=0.5. ture undulation, on the block copolymer in one direction.



RAPID COMMUNICATIONS

R3826 YASUSHI OKUMURA, KOHZO ITO, AND REINOSUKE HAYAKAWA PRE 59

(—&p:Sp), (—e¢.S), and (—ey4,Sy), respectively. Here the displacement of the tube on the block polymer, which
we assumes,>g, S>eq>e. and S;~5>S.~Sy, namely, can be regarded as a molecular motor “nano-rail.” The am-
that theA and B chains are more flexible and energetically plitude of the recurrent free energy, which produces the driv-
more stable than th€ andD chains, and th& andD chains ing force of the nano-rail, is in proportion to the lengttof
have larger inclusion energies than theand C chains, re- the nanotube. Therefore, If is long enough, the nanotube
spectively. When the nanotube with lendthincludes the does not diffuse in either direction by the thermal agitation
block copolymer, the free-energy map along the contour obn the block copolymer, unlike small cyclic molecules such
the block copolymer is given as Fig(th and changes dras- as cyclodextrins. The transitional behavior is a common fea-
tically with varying temperature. At a low temperature, in- ture of the supramolecular system comprising nanotubes and
cluding theA chain at the end of the block copolymer, the linear polymer chain§4].

tube passes th& chain and stays at thH& chain. As tempera- In summary, the switching behavior of the molecular
ture rises, the free-energy level at BBehain becomes equal nanotube in the switching complexes in solutions was inves-
to that at theC chain at the temperaturg,.=(ep,—&.)/(S,  tigated theoretically using the Flory-Huggins lattice model.
—S.), so that the tube moves toward tBechain, passes the For miscible block copolymers, the nanotubes continuously
C chain, and stays at tH2 chain. It is to be noted that the move back and forth between tAeandB chains as tempera-
tube does not travel backward, since tBechain is more ture varies. On the other hand, the switching transition oc-
stable than thé\ chain at any temperature. When tempera-curs for immiscible block copolymers with a hysteresis loop.
ture falls toTy,=(eq— &)/ (Sy—S,), the free energy level When a recurrent block copolymer made of four kinds of
at theD chain becomes equal to that at thechain, and the polymer chains is used, the molecular motor where the dis-
tube at theD chain moves to th@& chain. That is, the tem- placement of the nanotube is controllable by the temperature
perature undulation betweeh,. and Ty, moves the tube undulation can be realized. These theoretical results suggest
stepwise in one direction on the block copolymer as schehigh function of the supramolecular system consisting of the
matically shown in Fig. &). In other words, we can control molecular nanotubes and the block copolymers.
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