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Introduction

Polymers can be endowed with special functions
ascribable to physical and chemical properties of
functional groups bonded to a polymer chain, When
special behavior of the polymer chain is added to
physical and chemical properties of the functional
groups, new functions, which cannot be ohserved
in funtional group in itself. appear in the poly-
mer. Unique behaviors of enzymes are examples of
the polymer chain effect.’ A lot of papers have
heen reported on the preparation of functional poly-
mers to realize various kinds of function.

We paid attention to functions of porphyrin and
its derivatives which play an important role in pho-
tochemical system and living systems.” Especially,
an aggregate of porphyrin moieties has been paid
attention from the points of malecular design of ar-
tificial photochemical system. We made a plan to
prepare polymers containing porphyrin moieties in
their side chains. However, polymer formation of
vinyl monomers containing porphyrin moieties in
their side chains have been prepared as a smaller
amount of composition in their copelymers with
other vinyl monomers.’ No high molecular weight
homopolymer has been reported to be produced in
the polvmerization of vinyl monomers containing
porphyrin moieties in thenr side chains. This was
ascribable to the inhibition or retardation effect of
the porphyrin moieties in jenic or radical poly-
merizations. We succeeded in preparing high molec-
ular weight pelymers of acrylate and metha-
crylate, containing porphyrin moicties in the side
chains by radical polymerizations of 5-(4-acryl-
ovloxyphenyl)-10,15,20-triphenylporphine (AOTPP)
(1) and 5-{4-methacryloxyphenvli-10,15,20-triphen-
ylporphine(MOTPP)(2)."”

94

PolyAQTPPAg{1]) PolyMAOTPPAg(H)

1 2

Hypochromism in the Soret hand of porphyrin

moieties of these polymers was clearly ohserved in
the measurements of UV and visible spectra, -
dicating that there is an electronic interaction
between porphyrin moieties in the polymers. Ac-
cordingly, we considered that polymers having
paramagnetic species in their side chains might be
new magnetic materials, because an ordering of
the spins of paramagnetic species through an ex-
change interaction of unpaired electrons is possible
in the polymers.

Secondly, we paid aftention to photoactive func-
tion of polymers containing metalloporphyrin
moieties as another investigation of polymer func-
tionality. Amphiphilic polyelectrolytes which load
hydrophobic substituents above a critical content
form hydrophobic domains due to aggregation of
the hydrophobic groups in aqueous solution.” In the
amphiphilic covalently tethered with
small amounts of zinc{ID)-tetraphenylporphyrin
(ZnTPP), recently, we found that photochemical
and photophysical behaviers of ZnTPP moieties
were remarkably different in agueous solution
from those of ZnTPP moieties in homogeneous sys-
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tem.

Thirdly, we paid attention to the polymer effect
on the inclusion complexes of cyclodextrins. A lot
of papers have been published on the inclusion
complexes of cyclodexrins with low molecular
mass organic compounds. However, to our know-
ledge, there has been no report on the formation
of complexes of cyclodextrins with polymers, ex-
cept for the exampie in which a monomer was po-
tymerized in situ within a cyclodextrin cavity.*

In this paper. I will talk about new types of the
polymer chain effect which have been discovered
in my laboratory.

Magnetic Properties

We prepared the polymers containing tetraphenyl-
porphyrin{ TPP) moieties, which had paramagnetic
metal ions{CulIl}, Ag(I), VOUI) and Co(II}) into
TPP moicties of polymers 1 and 2, and in-
vestigated their magnetic properties by ESR and
magnetic susceptibility measurements( o)

ESR spectra of the polymer with Ag(ll) and the
corresponding monomer are shown in Figure 1.
The ESR spectrum of the polymer is a symmetrical
single line, while that of the corresponding mono-
mer has anisotropic line shape. This finding shows
that exchange interaction between Ag{Il) ions is
easier in the polymer than in the corresponding
monomer. Similar polymer effect was observed in
the polymer with other paramagnetic metalions.

The measurements of temperature dependence
of the magnetic susceptibility of these polymers
showed that paramagnetic species bound to poly-
mer chain interact antiferro-magnetically, and that
the interaction is much larger than that of the cor-
responding monomer units.”” Especially, re-
markable polymer effect on the magnetic behavior
was clearly observed in the case of polyAOTPPAg
{II), and the origin of the antiferromagnetic beha-
vior in the polymer has been ascribed to the su-
perexchange interaction through the C=0 group
between Ag(II} ions. We attempted to expand this
study to polymers containing different paramag-
netic ions. Copolymers containing both TPPCu(Il)
and TPPVO(D) in their side chains were prepared
by the radical copolymerization of AOTPPCu(ID)
and AOTPPVO(ID), whose metal ions have d° and d',
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Figure 1. ESR spectra of TPPAg({ID) and polyAOTPPAg(Il).
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Figure 2. Magnetic behavior of poly(AOTPPCu(ID-co-
ACTPPVO(ID)).

respectively.” The temperature dependence of the
magnetic susceptibility follows the Curie Weiss law
with 8=50 K, indicating the existence of the fer-
romagnetic interaction between TPPCu(ll} and
TPPVO(ID) moieties. Since magnetic behaviors of
polyAOTPPCu(Il) and polyAOTPPVO(D) are res-
pectively antiferromagnetic, the ferromagnetic be-
havior of the copolymer is probably ascribable to
the ferromagnetic interaction of Cu(I) and VO(ID.
Organic ferromagnetic polymers seems to be pos-
sible in the future, although there are a lot of prob-
lems to be solved for appearance of magnetic ma-
terials.

Photochemical Behavior

Amphiphilic polyelectrolytes with a small
amount of ZnTPP moieties, as shown in the fol-
lowing scheme, were prepared by terpolymeriza-
tions of sodium 2-acrylamido-2-methylpropane
sulfonate( AMPS), N-substituted methacrylamide
containing bulky hydrophobic groups[R: Lauryl(La),
Cyclododecyl(Cd), and 2-naphthylmethyl(Np)].
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and small amounts of [5-(4-acrylamidophenyli-10,
15,20~ tetraphenylporphinatozinc(ll)] (ZnAATPP)
by their radical terpolymerizations. el For com-
parison, polyelectrolytes with small amounts of
7nTPP were prepared by copolymerizations of
AMPS with small amounts of ZnAATPP.
Photophysical hehavior of amphiphilic polyelectro-
lytes containing ZnTPP in aqueous solution was
fluorescence, phosphore-
These results

studied by absorption,
scence and transient spectroscopy.
showed that lifetimes of the triplet states of the
ZoTPP moieties of the terpolymers were much
longer than that of the reference copolymer or
those at room temperature reported so far, Phos-
phorescence and thermally activated delayed flu-
orescence of the ZnTPP moieties were found, for
the first
temperature(Figure 3). Since the hydrophobic do-
main is formed in aqueous solution of amphiphilic
polyelectrolyte as shown in Figure 4, these unusu-
al phenomena are reasonably ascribable to the com-
parimentalization of ZnTPP moieties hydrophobic
domains whose size and propeties have been es-

time, in aqueous solution at room

timated by dynamic light scattering and spin-probe
methods.

The effect of the compartmentalization on pho-
tochemical behavior was investigated by pho-
toinduced electron transfer reaction of excited
ZnTPP to electron acceptors such as methyl-
viologen and triarylsulphonnium salt. In  ter-
polymers, accumulation of photoproducts, ZInTPP"-
and MV'-, were found in the microsecond time re-
gion inspite of the reversible electron transfer sys-
tem. When phenyimethylphenacylsulfonium p-
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Figure 3. Delayed emission spectra in aqueous solution at
25C.

Figure 4. Unimer micells in agueous solution of amphiphilic
polyelectrolyte.

toluenesulfonate(PMPS) was used as irreversible
electron acceptor, the ZnTPP’- persisted over 20
min was detected by ESR spectroscopy, although
no signal was observed in the homogenious system.
These results are ascribable to the suppression
of the reaction between the ZnTPP'- moieties and
other compounds by the compartmentalization.

Molecular Recognition

We came across the fact that polyethylene glycol
(PEG) selectively forms a complex with o-CD in
high vield: while polypropylene glycol (PPG), which
has the larger cross-sectional selectively
forms complexs with B-CD and y-CD {diameter of
cavity: 8.5A) in high yields: and polymethylvinyl
ether(PMVE), which has the largest cross sectional
area, selectively forms a complex only with y-Cb in
high yield. Tabie 1 shows the complex formation of
three hydrophilic polymers with cyclodextrins. The
results indicate that the relationship between the

area,
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Table . Comparison of Hydrophilic Polymers with
Various Chain Cross-Sectional Areas in Formation
of Crystalline Complexes with Cyclodextrins

polymer structure vield(%)
a-CD B-CD vCD

PEG(MW 1000) +CH,CH,0, 92 0 trace
PPG(MW 1000 {"CHZ(‘JHCH;. 0 96 80
CH,
PMVE(MW 20:000) ‘(—CHZ(TH—},', 1] 0 67
0]

CH;

chain cross-sectional areas of the polymers and the
diameters of the cavities of cyclodextrins is very
important in complex formation of polymers and cy-
clodextrins. Studies on molecular models also show
that a PEG chain can penetrate o-CD cavity and
has a good fit with the cavity. Although a PEG
chain can penetrate B-CD cavity but is too thin to
fit in the cavity. A PPG chain can penetrate B-CD
and y-CD cavities and fit in the cavities, though a
PPG chain cannot penetrate o-CD cavity. A PMVE
chain only can penetrate y-CD cavity and fit in the
cavity, These views are in accordance with our
resukts shown in Tabie L.

These findings show that a polymer chain can
penetrate the cavities of cyclodextrins,

PEGs carrying bulky substituents such as the 3.5-
dinitrobenzoyl group and 24-dinitrophenyl group,
which cannot fit or pass through the cavity, at
both PEG termini cannot give any complexes with
o-CD). These ohservation is In agreement with
molecular model studies that PEG chains are able
to peneirate o-CD) cavities, while the PPG chains
cannot pass through the «-CD cavity due to the
hindrance of the methyl group on the main chain.”

The complex of o-CD with PEG was charac-
terized by GPC elemental analysis, *H NMR, “C
NMR, IR, and UV spectra, quantitatively. The
amounts of the complex increased with the in-
crease of PEG added to the agueous solution of o-
CD, and saturation was observed in the complex
formation. The amount of PEG at the saturation
showed that two ethylene glycol units were bound
in each @-CD cavity. The continuous variation
plots for the complex formation of ¢¢-CD with PEG
showed that the maximum was reached at the
molar ratioc of 0.33(e-CD fraction). which in-
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Figure 5. Structure of the complex between o-CD and
PEG.

dicated that &-CD forms complexes in 2:1 ratio.
These stoichiometries were further confirmed by
'H NMR spectrum.

Polyrotaxanes containing many o-CD were pre-
pared by blocking the &-CDs on a PEG chain with
bulky substituents at both termini as shown in
scheme 1.* First, complex of o-CD with PEG di-
aming were prepared. The complexes were iso-
lated, dried and allowed to react with 2,4-di-
nitroflyorobenzene in dimethylformamide(DMF) to
block the o-CDs on a polymer chain. The reaction
mixture was poured into ether to precipitate the
product. The product was washed with ether to re-
move unreacted 2.4-dinitrofluorobenzene and with
DMF to remove free o-CD, PEG bisamine, and di-
nitrophenyl derivatives. The residue was dissolved
in DMSO and washed with water to remove un-
reacted o-CD. The residue was dissolved in DMSO
and washed with water to remove unreacted a-CD,
PEG bisamine, and water soluble dinitrophenyl
derivatives. The product was collected, washed
with ether and dried(yield 60%). Finally, the pro-
duct was purified by column chromatography on
Sephadex G-50, using DMSQO as solvent, and
characterized by 'H NMR and “C NMR spec-
troscopies.

We crosslinked adjacent CD units in a poly-
rotaxane with its reaction with epichlorohydrin
and removed bulky stoppers and PEG from the ob-
tained crosshinked products with treating with 256
NaOH as shown in the scheme II. A tubular poly-
mer was isolated by column chromatography and
was characterized by GPC, elemental analysis, 'H
NMR and "'C NMR spectra.” The product was solu-
ble in water, DMF, and DMSO, although poly-
rotaxanes are insoluble in water and DMF and
soluble in DMSO. Unique behaviors of the tubular
polymer have been found in reversible binding of
small molecules. An example i1s shown in its com-
plex formation of trans-1,6-diphenyl-1,3,5-hexa-
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Figure 6. Fluorescence spectra of DPH in the absence and
presence of varing concentration of MT.

triene(DPH). The intensity of fluorescence ex-
citation and emmision spectra of DPH remakably
increased on addition of MT as shown in Figure 6.

When we used high molecular weight PEG as a
polymer chain, many CDs were also threaded by a
potymer chain, but the ratio of the two monomer
unit to the number of CD threaded was re-
markably deviated from 2, indicating CD units are
partly present in a polymer chain. Recently, we
found that the sol-gel transition took place n ague-
ous solution of the inclusion complexes between o-
CD and high molecular weight PEG." The gel was
ascribed to the aggregation of the CD complex part
as shown in Figure 7. This is applicable as a new
type of gel.
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preciate Professors Yotaro Morishima and Akira
Harada for their efforts for the achievement of
these works.

References

(1) H.Morawetz, Macromolecules in Sohwtion 2nd Ed., High
Polymer Series XXI, Wiley, New York, 1974.

(2) ]. Kyte, Mechanism in Profein Chemistyy, Garland, New
York, 1995.

(3) E. Tsuchida and H. Nishide, Tap. Gyrr. Chem.. 132, 63
(19863.

{4) M. Kamachi, H. Akimoto, W. Mori, and M. Kishita, Po-
lym. J., 16, 23 (1984).

(5) S. Nozakura and M. Kamachi, Macromol. Chem. Suppi.,
12, 255 (1985).

Korea Polym. J., Vol. 4, No. 2, 1996



Molecular Design of Functional Polymers Based on Unique Properties o

(6) M. Kamachi, X. S. Cheng, T. Kida, A, Kajiwara, M. Shi-
basaka, and S. Nagata, Macromolecudes, 20, 2665 (1987).

(7) H. Aota, Y. Morishima, M. Kamachi, Photochem. Pho-
fobiol., 57, 989 (1993).

(8) A. Harada, J. Li, and M. Kamachi, Nature, 356, 325
(1992).

(9) M. Kamachi, X. S. Cheng, H. Aota, W. mori, and M.
Kishita, Chem. Lett., 2331 (1987)

(10) Y. Morishima, M. Seki. S. Nomura, and M. Kamachi,

Korea Polym. J., Vol. 4, No. 2, 1996

{ Polymer Chains

Proc. Japan, Acad., Ser.B, 69, 83 (1993).

{11) Y. Morishima, S. Nomura, T. Ikeda, M. Seki, and M.
Kamachi, Macromolecudes, 28, 2874 (1995).

(12) A. Harada, M. Kamachi, Macromdecules, 23, 2821
(1990},

(13) A. Harada. J. Li, and M. Kamachi, Nature, 364, 516

(1993).
(14) ]. Li, A. Harada, and M. Kamachi, Pdly. L, 26, 1019 (1994).

99



