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SUMMARY: The first synthesis of chitin derivatives with well-defined block copolymer side chains, i.e.,
chitin-graft-[poly(2-methyl-2-oxazolineBlock-poly(2-phenyl-2-oxazoline)]5), chitin-graft-[poly(2-methyl-
2-oxazoline)blockpoly(2-butyl-2-oxazoline)] ), and chitingraft-[poly(2-methyl-2-oxazolinepBlock
poly(2+ert-butyl-2-oxazoline)] {), was achieved by the reaction of partially deacetylated chitjnwith

living polyoxazoline block copolymerg&—4. The graft copolymer§—7 are associated into micelles above

the critical micelle concentration (CMC). CMCs 5f(0.01—-0.02 wt.-%) are smaller than those (0.32-0.50
wt.-%) of w-hydroxyl-terminated poly(2-phenyl-2-oxazolineeck-poly(2-methyl-2-oxazoline) 2-OH),

which is a model block copolymer of the side chain segmert dhe self-aggregates 6f7 are capable of
forming a complex with hydrophobic low molecular weight substances such as pyrene and magnesium 1-ani-
linonaphthalene-8-sulfonate (ANS). Cryo-transmission electron microscopy showed that the graft copolymer
5 forms globular particles (diameter: 40 nm) and larger cylindrical aggregates (diameter: 40 nm, length: 80—
200 nm). The average radius of gyration of the particles fodbm the SANS analysis is 36 nm.

Introduction activitie®. Our interest in biomedical application of the
Chitin, the most abundant natural polymer after cellulosdaig biomass chitin has prompted us to study the synthesis
is found in a variety of biosystems including fungal celland solution properties of chitin derivatives having
walls, the exo-skeleton of crustaceans, and the integamphiphilic poly(2-oxazoline) block copolymer as a side
ment of insects. An estimated %Qons of chitin is pro- chain 6-7).
duced annually in the biosphéteThe growing interestin ~ The point in this study is the application of the reaction
chitin led to their uses in a wide variety of fields frombetween the aminopolysaccharide and living block copo-
basic biological research to developments in chemiciymers to synthesize amphiphilic polysaccharide deriva-
industry’. However, its actual utilization has beentives. The synthetic strategy of artificial glycoconjugates
hitherto limited as applications, e.g., for biomedicahaving monodisperse side chains by living polymeriza-
materials and simple flocculents of wastewater treatmertion is important, but only a few examples have been
mainly due to its insolubility in most organic solvents.reported until now?®. Although chitosamgraft-[poly-
Therefore, chemical modification of chitin is an impor-(ethylene oxideBlockpoly(propylene oxideplock
tant subject for production of biofunctional materfals poly(ethylene oxidefP has been synthesized, the present
We have already reported the synthesis of a novel chiteaimphiphilic chitin-containing graft copolymer is a first
derivative having hydrophilic poly(2-methyl-2-oxazoline)example of polysaccharide having well-defined block
side chain8 and its miscibility with commodity poly- copolymer side chains obtained by living polymerization.
mers). The amphiphilic AB block-type poly(2-oxazoline) was
Natural polysaccharides, which are biocompatible angrepared by a one-pot two-stage copolymerization techni-
biodegradable polyhydroxyl compounds, show uniqugué?, based on living character of cationic ring-opening
properties such as formation of hydrogels or liquid cryspolymerization of 2-oxazolin€, in which one of 2-oxa-
tals. Especially, hydrophobized polysaccharide derivaolines (2-phenyl-, 2-butyl-, and @rt-butyl-2-oxazoline)
tives® have attracted much attention in many fieldss first polymerized to give a hydrophobic A block, and
including pharmacological, cosmetic, and biotechnologithen the second monomer (2-methyl-2-oxazoline) is poly-
cal applications. Recently, chitigraft-poly(2-methyl-2- merized at the living ends of the first polymerization sys-
oxazoline)/poly(vinyl alcohol) miscible hybrids havetem to give a hydrophilic B block which functions as a
been studied as a decay rate-changeable degradable m#iexible spacer. Although polysaccharide-based amphi-
rial”. Naka et al. have reported that chiginaft-poly(2- philes are obtained by substitution with hydrophobic
methyl-2-oxazoline) is capable of incorporating lipaseroups to the rigid polysaccharide, the present macromo-
and catalase in its micelle, and increases the hydrolydescular design has an advantage of introducing a flexible
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spacer i.e., poly(2-methyl-2oxazoline) segnent, in a

block-type sidechain.The spacelengthandhydrophilic/

lipophilic balancecan be easily contolled by molecula

design.The influence of the structureand composiion of

these graft copolymers on the solution properties was
evaluded by meansof *H NMR, surfacetension,cryo-

transmissdn electron microscopy (cryo-TEM), smalk

angle neutro scatteing (SANS), and fluoresenceana-
lyses. Observabns of chitin derivativesin an agueous
solution by cryo-TEM have not beenhitherto published

to the bestof our knowledge.

Experimental part

Materials

Chitin from crabshellswaspurchasedrom SigmaChemical
Co. (St. Louis). Partially N-deacetylatedchitin (ca. 50%)
was preparedby the methodof Kurita et al.*® 2-Methyl-, 2-
phenyl-, 2-butyl-, and 2-tert-butyl-2-oxazolineswere pre-
paredaccordingto the literaturé?. Methyl trifluoromethane-
sulfonate (MeOTf) was purchasedrom Aldrich Chemical
Co. and distilled under nitrogen. Dimethyl sulfoxide
(DMSO)-ds (Aldrich ChemicalCo.), D,O (Aldrich Chemical
Co.),andCDCl; (JanssefChimica)wereusedwithout purifi-
cationfor NMR analysis.Magnesiuml-anilinonaphthalene-
8-sulfonate(ANS) (Tokyo Kasei Kogyo Co., Ltd., Tokyo,
Japan)and pyrene (Acros, Geel, Belgium) were commer
cially available.

Synthesi®f chitin derivativeshavingvariouspoly(2-
oxazoline)lock copolymersidechains(5—-7)

Accordingto our previouswork?, all operationsof polymer
ization of 2-oxazolinesand polymerreactionbetweenliving
block copolyoxazoline2—-4 andpartially deacetylateahitin
(1) were performedin testtubesequippedwith a three-way
stopcock under nitrogen. An experimental procedure of
synthesisof chitin-graft-[poly(2-methyl-2-oxaoline)-block
poly(2-phenyl-2-oxazoline)5a) is as follows. The step-
wise block copolymerizationof 2-phenyl-2-oxazolineasthe
first monomer and 2-methyl-2-oxazolineas the second
monomerinitiated with MeOTf was carried out in acetoni-
trile at 70°C*?3, After the polymerizationwascompletedthe
solution was divided into two portions.In the one portion,
the solvent was evaporatedunder reducedpressure After
reprecipitationwith dichloramethaneasa solventandhexane
as a non-solventthe polymeric materialwas collectedand
dried in vacuoto give a white powdery material (99.4%
yield). Poly(2-phenyl-2-oxazolinelock-poly(2-methyl-2-
oxazoline) from this portion was used to determinethe
degreeof polymerizationandthe molecularweight distribu-
tion. Fromthe otherportion,3.99g (3.96 mmol) of theliving
block copolymerwasobtained,andthendissolvedin 10 mL
of dry DMSO. This solution wasimmediatelyaddedto the
suspensionof randomly deacetylatedchitin (0.150g) in
DMSO (10 mL) undernitrogen.After stirring vigorously at
27°C for 70 h, the reactionmixture wasfiltered. Waterwas
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addedto the filtrate, and the solution was treatedwith an
excessamountof theion-exchangeesin(Amberlite IRA-68,
in basicform) in orderto convertthe ammonium-typdink-
age betweenD-glucosamineand the w-end of the block
copolyme to theamine-form.The aqueousolutionwaspur-
ified by dialysis againstwater using a seamlesscellulose
tube (Nacalai Tesque,Inc.; MW cut off 3500), and lyophi-
lized to afford a white powdery product; yield 0.365g
(926%).

Chitin-graft-[ poly(2-methyl-2-oxazoline)-bl ock-poly(2-
phenyl-2oxazoline)](5):

IR (KBr disk): 3423 (vo_), 3063 (vc_y (aromatic)),2926
(VC—H)y 1630(ch0), 1422 (5c.H), 1072,1030(:”1_1 (Vc_o_c).

'H NMR (D,O/CD,COOD (95:5, v/v), conc.: 1.0 wt.-%,
90°C, ref.: sodium 2,2-dimethyl-2-silapentane-5-sulfonate;
270MHz): 6 = 2.05 (CH;CO), 2.85-3.10 (CH;—N), 3.16
(H-2 of b-glucosamineunits), 3.30-4.05(H-2 of N-acetylD-
glucosaminaunits,H-3, 4, 5, 6 of pyranoseunits,andCH, of
poly(2-oxazoline)) 4.58 (H-1 of N-acetylb-glucosamine
units),4.88(H-1 of b-glucosamineunits), 7.00—-7.64 (CeHs).

13C NMR (D,O/HCI (1 drop),conc.:5.0 wt.-%, 40°C, ref.
sodium2,2-dimethyl-2-silapentane-5-sulfonat€)0 MHz): 6
= 22.8 (CH3CON), 24.7 (CH3;CONH of N-acetylb-glucosa-
mine units), 39.8 (CHzN), 45.8-52.0 (CH, of poly(2-oxazo-
line)), 58.2(C-2 of pyranoseunits),61.2 (NHCH,CH; linked
to C-2 of pyranoseaunits), 62.9 (C-6 of pyrano® units), 74.2
(C-3 of pyranoseunits), 77.0 (C-5 of pyranoseunits), 79.4—
81.6 (C-4 of pyranoseunits), 100.0(C-1 of b-glucosamine
units), 103.8 (C-1 of N-acetylb-glucosamineunits), 128.9
(metapositionof aromaticcarbons)131.5(ortho positionof
aromaticcarbons),133.1(parapositionof aromaticcarbons),
175.5-178.7(carbonylcarbons).

Chitin-graft-[ poly(2-methyl-2-oxazoline)-bl ock-poly(2-
butyl-2-oxazolire)] (6):

IR (KBr disk): 3444 (vo_n), 2956 (vc_y), 1635 (ve-0), 1422
(5C—H) 1067, 1034 Cm_l (Vc_o_c).

'H NMR (D,O/CD;COOD (95:5, v/v), conc.: 1.0 wt.-%,
90°C, ref.: sodium 2,2-dimethyl-2-silapentane-5-sulfonate;
270MHz): o6 = 0.89 (CH3;CH.CH.CH,, 1.34
(CH;CH,CH,CH;), 1.54 (CH;CH,CH,CH,), 2.09 (CH,CO),
2.34 (CH;CH,CH,CH,), 2.86-3.14 (CHsN), 3.21 (H-2 of D-
glucosamineunits), 3.29-4.03 (H-2 of N-acetylD-glucosa-
mineunits,H-3, 4, 5, 6 of pyranoseunits,andCH, of poly(2-
oxazoline)) 4.60 (H-1 of N-acetylb-glucosanme units),
4.90(H-1 of b-glucosmmineunits).

13C NMR (D,O/HCI (1 drop),conc.:5.0 wt.-%, 40°C, ref.:
sodium 2,2-dimethyl-2-silapentane-5-sulfonaté 00 MHz):

0= 15.6 (CH;CH.CH,CH,;), 22.8 (CH;CON), 24.5
(CH;CONH of N-acetylb-glucosanme units and
CH;CH,CH,CH,), 29.8 (CH3CH,CH,CH,), 34.8

(CH3CH,CH,CHy,), 39.5(CHsN), 45.7-52.0 (CH; of poly(2-
oxazoline)) 58.3 (C-2 of pyranoseunit), 61.8 (NHCH,CH,
linked to C-2 of pyranoseunits), 62.7 (C-6 of pyranose
units), 73.2—74.7 (C-3 of pyranoseunits), 77.0(C-5 of pyra-
noseunits), 79.2—82.0(C-4 of pyranoseunits),100.0(C-1 of
D-glucosamineunits), 103.7(C-1 of N-acetylb-glucosamine
units), 176.8 (carbonyl carbonsof N-acetylb-glucosamine
units and poly(2-methyl-2-oxazoline))179.2 (carbony car
bonsof poly(2-butyl-2-oxazoline)).
(CSH1305N)0.44C6HHO4N)O.24[C6H1004N(C4H7ON)23.5
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(C7H13ON)4,2CH3]0A31’ 2H,0 Calc. C55.83H 8.67N 13.74
Found C55.80H 8.94N 13.89

Chitin-graft-[ poly(2-methyl-2-oxazoline)-bl ock-poly(2-
tert-butyl-2-oxazoline)(7):

IR (KBr disk): 3441 (vo_y), 2938 (vc_n), 1631 (ve=0), 1422
(0c—r) 1068,1034cnm? (ve_o-9-

'H NMR (D.O/CD,COOD (95:5, v/v), conc.: 1.0 wt.-%,
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TEM grid coatedby a holey carbonfilm. A thin film of the
solution on the grid was formed by removing excessfluid.
The specimenwas vitrified by plunginginto nitrogenslush
andimagedat anaccelerating/oltageof 100kV.

SANS measuremats were carried out usingthe SANS-U
spectrometerof JRR-3M at the Japan Atomic Enegy
Researchinstitute, Tokai. A 7 A incident neutron beam,
takenfrom the cold neutronsourceandmonochromatedtyy a

90°C, ref.: sodium 2,2'dimethyl'2'SiIapentane'S'Sulfonate;mechanicaVe|OcitySe|ectorwasused_

270MHz): 6 = 1.27 (CH;C), 2.09 (CHs;CO), 3.08-3.17
(CH3N andH-2 of b-glucosamineunits), 3.28-4.00 (H-2 of
N-acetylD-glucosamineunits,H-3, 4, 5, 6 of pyrano® units,
andCH, of poly(2-oxazoline))4.63 (H-1 of N-acetylb-glu-
cosamineunits),4.91(H-1 of b-glucosaminaunits).

13C NMR (D;O/HCI (1 drop),conc.:5.0 wt.-%, 40°C, ref.:
sodium 2,2-dimethyl-2-silapentane-5-sulfonaté 00 MHz):
0 = 22.8 (CH3;CON), 24.9 (CH;CONH of N-acetylb-gluco-
samineunits), 29.9-30.3 (CHsCof poly(2+t-butyl-2-oxazo-
line)), 40.5 (CH;N), 41.2-41.6 (CHsC of poly(2+t-butyl-2-
oxazoline)),45.9-52.0 (CH, of poly(2-oxazoline))58.3(C-
2 of pyranoseunits), 61.0-62.9 (C-6 of pyranoseunits and
NHCH,CH; linked to C-2 of pyranoseunits), 72.8-74.5(C-
3 of pyranoseunits), 77.2(C-5 of pyranosaunits),79.3-82.0
(C-4 of pyranoseunits), 100.0(C-1 of b-glucosamineaunits),
104.0(C-1 of N-acetylb-glucosamineunits), 176.9 (carbo-
nyl carbonsof N-acetylD-glucosanme units and poly(2-
methyl-2-oxazoline)),183.6 (carbonyl carbonsof poly(2-
tert-butyl-2-oxazoline)).

Preparationof w-hydroxyl-terminatecamphiphilicAB
block-typepoly(2-oxazoline)s

A typical experimentalprocedue is as follows. A living
poly(2-phenyl-2-oxazoline)-block-poly(2-methyl-2-oxazo-
line) (2a) (1.00 g, 0.92 mmol) was dissolved in 50 mL of
methanol. The solution was treated with 6.5 g of ion-
exchange resin (Amberlite IRA-410, in basic form) to con-
vert the onium species to w-hydroxyl groups (27°C, 1 h).
The sdution wasfil trated and lyophilized to afford a white
powder Theyield was0.759g (88.9%).

Measuements

H NMR measurementvas performedon a JEOL EX-270
spectrometeat 270MHz, and*C NMR spectrawere taken
by aBruker ARX 400spectrometeoperatingat 100 MHz.

SizeexclusionchromatographySEC)wasconductedwith
a JascoModel PU-980 high performanceliquid-chromato-
graphapparatugcolumn, ShodexB-805 — B-804; solvent,
H.0O; temp.,27°C), andwith a TosohHLC-8020system(col-
umn, Tosoh TSK-gel G3000H, — G2000H; solvent,
chloroform;temp.,38°C).

The surfacetensionof aqueoussolutionswas measuredat
25°C by thedropweightmethod®.

The critical micelle concentratio(CMC) wasdefinedasa
breakpoint onthe surfacetensioncurve.

Cryo-TEM observationwas carried out on a Hitachi H-
800 electronmicroscopeequippedwith a cold stageby the
techniquedescribedby Bellare et al.*® The specimenwas
preparedby depositinga small droplet of the solutionon a

Complexationbetweenthe chitin derivativesand hydro-
phobicguestmoleculessuchasANS andpyrenewasfluoro-
metrically investigatedat 25°C with a Hitachi F-4500fluor-
escencespectrophotometeihe concentrationof ANS was
2.0x 10°° M in watef®, in which 0.5 mL of the stock aqu-
eoussolutionof ANS (1.0x 10* M) wasmixed with 2.0 mL
of the aqueougpolymersolution.On the otherhand,the con-
centrationof pyrenewas6.0x 107 M becaus®f low solubi-
lity in watef”. To avial, 1 mL acetonesolution (1.8x 10°®
M) of pyrenewas added,and then the solventwas evapo-
ratedto form a thin film at the bottom of the vial. An aqu-
eouspolymer solutionwas addedto the vial, andthe result-
ing mixture waskeptat 25°C for 1 h with mixing by a mag-
netic stirrer Fluorescenceemissionspectrawere taken by
excitationat 380nm for ANS andat 339nm for pyrene,and
the excitationspectraof pyrenewere obtainedby collecting
fluoresceice emissionat 390nm.

Resultsand discussion

Synthesi®f chitin derivativeshavingblock
copolyoxazolie sidechains5-7

According to Scheme 1, chitin-contaning graft copoly-
mers5—7 havingamphiphilic block copolymer branches
were synthegzed by termimation of living polyoxazoline
block copolymerwith anaminogroup of pattially deace
tylatedchitin®. In orderto control the block length in the
block copolymersynthess by living polymerizationwith
step-wse monomer addition, higher readivity of an
active specis generatedy the polymerizationof thefirst
monomeris required than that of the secondmonomer
An oxazolinum salt of 2-phelyl-2-oxazoline hasa suffi-
ciertly higherelectrghilic reactivity to form an ordered
sgjuencewith subsequenaddition of 2-metyl-2-oxaze
line'®. Therefore, desirabé amphiphilc graft copolymer
which conssts of a hydrophilic main chain and has
hydrophdic side chairs connectedwith a hydrophilic
flexible spacersegmentis favorablyderived from 2-phe
nyl-2-oxazolne (the first monomej, 2-methyl2-oxazo-
line (the secondmonome}, andthe aminopolys&charide
asaterminator.

Theresultsof one-pa two-stagefeedingblock copoly-
merization andthe termination are sunmarizedin Tab.1.
The structuresof the resulting graft copolymes were
detemined by IR, elemental analysis, and *H and*C
NMR spectroscpies. Compkte remowal of unreaced
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Schemel:
S
9!
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R=Ph, #-Bu, +-Bu
MeOSO,CF;
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"0S0,CF;
Me—éN—-CHz—CHZ%N—C}b—CH2>——NQ
/l\ m /k n-1 >/
R” 0 Me” O Me

22:R=Ph,m=29,n=49
2b:R=Ph,m=6.5,n=10.2
2¢:R=Ph,m=4.0,n=234
3:R=n-Bu,m=4.2,n=23.5
4:R=t-Bu,m=3.5n=26.0

OH

OH
O, .-
i O o/é‘l/o' :
OH ion-exchange P HO

2-4 resin

HO
NHAc NH

Me,SO
NH,

polyoxaolineswasconfirmed by size exclusionchroma-
tography (SEC). The main chain of the product graft
copolymer conssts of randomly linked D-glucosanine
and N-acetylD-glucosaminerepeting units. Poly(2-oxa
zoline) (PRCQZO) branchesare attacled to the 2-postion
of the D-glucosamire units of the main chainregiospeifi-
cally, asconfirmed by *C NMR analysis No termimation
occurredby a model reactionof N-aceyl-D-glucosamme
andliving poly(2-ethyl-2-okazoline)under the samereac-
tion condition®. The resultsupmrtedthe poa reactiviy
of the hydroxyl groupsfor the termination. In everly run
of Tab.1, the side chainlengh was relatively regulatd
by the feedratiosof the oxazolne monomersto theinitia-
tor. Yields of graft copolymers5—7 were calculatedon
the basisof the amountsof the chitin main chain The
[PROZQo/[—NH;]o and [PROZO/[—NH,] values in
Tab.1 represehthe feedandreactedmolar ratios of oxa-
zoline polymer to D-glucosamineunits of 1, respetively.
The [PROZQ/—NH,;] values were determined by
H NMR signal intensity ratios of the methyl protons of
N-aceyl-D-glucosamir units at 1.82ppm to the methyl
protons of poly(2-methyl-2oxazoline) segnent at
1.99ppmin DMSO-ds. The[PROZJ/[—NH;] valuewas
roughly controlled by the feed molar ratios ([PROZO]y/
[—NH]o), irrespecive of the sidechan length.

The ampiphilic structure of graft copolymershaving
block copoly(2-ocazoline) side chairs was supporéd by
the differene of the solubilities of the graft copolymer

Amberlite

27°C, 70 hr IRA 68
1 Me‘QN—CHZ—CHZ#N—CHQ—CHz
PN PN "

R (8] Me [0}

5a:R=Ph,m=29,n=49
5b: R =Ph,m=6.5,n=10.2
S5¢:R=Ph,m=4.0,n=234
6:R=n-Buym=42,n=23.5
7:R=tBu,m=23.5n1=26.0

andeachsegnent.In cortrastto the backbonecomponent
1, all graft copolymers5—7 showeal muchimprovedsolu

bilities. They were solublein water 5% aceticacid aq.,
DMSO, N,N-dimethylformamide, and N,N-dimethylace-
tamide, and partially soluble in methanol, acetaitrile,

and chloroform Aqueoussolutions of all the graft copo-
lymers 5—7 foamedby stirring, which suggestedthat the
graft copolymerswere expeted to exhibit surfaceactive
properties.

Solutionpropertyof graft copolymer$s—7

The molecubr mation of chitin-graft-[poly(2-methyl-2-
oxazoline)-block-poly(2-prenyl-2-oxazoline) (5) was
evalatedby *H NMR analysisin D,O/CD;COQCD (95:5,
v/v) (polymer concentréion: 1.0 wt.-%). Fig. 1 showsthe
'H NMR spectrumof 5a at 30°C. The terminal N-methyl
proton signals of poly(2-phelyl-2-oxazoline) segment
(0 2.85-3.10 ppm) of 5a broademed at 50°C anddisap-
peaed at 85°C. This phenonenonis reasonaly inter
preted by reducing interacton betweenwater and the
oligo(2-pheyl-2-oxazdine) segmenin anaqueoussolu
tion of 5a at highertemperatue. Moreovae, line broaden
ing of thearomaticprotonsof the poly(2-phenyl-2-0xzo-
line) segmeat (6 7.00-7.64ppm)wasconfirmedin D,O/
CD;COOD (95:5, v/v) solutionof 5a (Fig. 1), compaed
with thatin DMSO-d; soluion. Thereasm is thatpoly(2-
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Tab.1. Synttesisof chitin derivativeshavingamphiphilicblock copoly@-oxazoline)sidechain(5-7)
Run Poly(2-0xazoline)(PROZO) Graftcopolymef’
no.
Polymer 1ststage 2nd Polymer DA® m " MJ/MP [PROZQ,” Yield [PROZG’ M
stag® in % [—NH], iN% [—NH,] x 10°
R [MJMI™  [M/I?
1 2a Ph 2.9 5.3 5a 52 2.9 4.9 1.1, 10.0 93 0.76 4.0
2 2b Ph 5.9 10.3 5b 52 6.5 10.2 1.1 10.0 86-92 >0.92 6.0
3 2c Ph 3.6 22.8 5c 45 4.0 23.4 1.1 0.6 59 0.60 8.8
4 3 n-Bu 3.8 23.4 6 45 4.2 23.5 1.% 0.6 73 0.57 10.0
5 4 t-Bu 3.1m 21.2V 7 45 35 26.0 1. 0.6 28 0.58 3.3

In acetronitrile,at 70°C, for 20 h. Oligo(2-oxazoline} andblock cooligo(2-oxanline)swereobtainel in 90—99%.
Thefeedmolarratio of thefirst monometto theinitiator (methyltrifluoromethanesulbnate).
Thefeedmolarratio of the secaxd monomer(2-methyl-2oxazoline)to theinitiator.
Reactionof 1 and2—4 werecarriedoutin dimethylsulfoxideat27°C for 70 h undernitrogen.
Degreeof N-acetylationof 1, by *H NMR in D,O/CD;COOD (95:5, v/v).

DP of the sidechain,by '"H NMR in CDCl; at27°C.

Polydspersityof thesidechain,by SECin CHCI; (polystyrenestandard).

Feedmolarratio of block cooligo(2-oxazoline} to D-glucosamineunit of 1.

Solube partof reactionmixture.

Molar ratio of poly(2-oxazoling (PROZO)unit to b-glucasamineunit of 1, by 'H NMR.

By SECin H,0 (pullulan standard).

Estimatedby theweightof products.

In benzonitrile,at 100°C, for 20 h.

In benzonitrile,at 70°C, for 20 h.

OH
d _OH q »
4 <4o 4 \40 a a g
0 A Ph, 2 Ac, -COCHj
HO A HO— " €\
d 9 NHAc 2 a
a
o) Ph g
nEYR
N
N
CHj g /m /&d n
f cHy” Yo HOD
g
a
—
b
[ | | | | | | !
8 7 6 5 4 3 2 1
8 in ppm

Fig.1. *H NMR spectrunof chitin-graft-[poly(2-methyl-2oxazoline)block-poly(2-phenyl-2-oxazoline)] (5a)
in D,O/CD,CO0OD(95:5, v/v) (temp.:30°C, concentation: 1.0 wt.-%)

phenyl-2-oxzoline)is solublein DMSO-ds, whereasit is
insolubke in D,O/CD;COQD (95:5, v/v). The *H NMR
behaviorsuggets low mobility of the poly(2-pheryl-2-
oxazolire) segnent.

Surfacetension (y) of aqueoussolutiors of 5a mea
suredat 25°C gradually decreaedwith increasingcon-

centation (C, wt.-%), andit reacled a consant value at
the critical micelle concentation (CMC) indicatedby the
inflection pointin Fig. 2. Theresultof the surfacetension
measurementsuggest that 5a forms a micelle which is
conposedof both a flexible hydrophilic moiety and a
relatively rigid hydrophdic moiety.
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70 F \ 2

60 -

vin mN/m

50

40 1 1 1 Il
-3 -2 -1 0
logC
Fig.2. Surfae tension(y) of aqueoussolutionsas a function
of concentration(C, wt.-%). Temp.:25°C. e: 5a, A: 5b, o: 2a-
OH, A: 2b-OH

Surfacetensionmeasuementalso indicated that 5—7
adsorbedat the air/wate interface. The surfaceexcess
density I" (mol/area) at the interface can be calcuated
througha y-C plot by usingthe Gibbsadsorpion isothem

(Eq.1),

I'= —(RT)™"x (87/3InC) (1)
whereT is the absolutetempeatureandR is the gascon-
stant. The Gibbs adsorptbn isotherm provides values
aboutthearea(A) thatonemolecuk occupiesattheinter
face,thatis,

A= (NaI)™ )
where N, is Avogadros numbet>'d, For these graft
copolymes, the A value correspnds to the area per
poly(2-oxaoline) side chan adsorked at the surface
Tab.2 summaizesthe CMC, y at CMC (yemc), y at 1.0
wt.-% (y1.0wt-%), andthe A valuesof the graft copolymers
5, chitin-graft-[poly(2-methyl-2-okazoline)block-poly(2-
butyl-2-oxazolire)] (6), and chitin-graft-[poly(2-methy}
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2-oxazolire)-block-poly(2-tert-butyl-2-oxazolne)] (7) as
well asthoseof w-hydroxyl-terminatedblock copolyoxa-
zolines, w-hydroxy-poly(2-pheryl-2-oxamline)-block

poly(2-mettyl-2-oxazoline) (2a-OH), w-hydroxy-poly(2-
butyl-2-oxazoline)-block-poly(2-methyl-2-akazoline) (3-

OH), and w-hydroxy-poly(2tert-butyl-2-oxazdine)-
block-poly(2-methy-2-oxazdine) (4-OH). The y1owt-%
valuesof 2a-OH (52 mN/m) and 3-OH (37 mN/m) were
almost identical with those of poly(2-mettyl-2-oxazo-
line)-block-poly(2-phenyl-2-oxaoline) (51 mN/m) and
poly(2-mettyl-2-oxazoline)block-poly(2-butyl-2-oxazo-

line) (34 mN/m), respectively, which havebeenreported
by Kobayashi etal )

CMC of 5a (0.02 wt.-%) wassignificantly smaller than
that (0.50 wt.-%) of w-hydroxyl-terminatedblock copo-
lyoxazoline2a-OH, whichis amodelblock copolymerof
the sidechainsegmaet of 5a, althoudh the y valuesof 5a
and2a-OH aboveCMC were almostthe same Similarly,
CMC of 5b (0.01wt.-%) waslower thanthat (0.32wt.-%)
of the sidechan segmat 2b-OH. Although someamphi-
philic graft copolymersshowbetterperfamanceasa sur
factantthanlow molecuarweightamphighilest?, thebeha
vior of sucha polymeric surfacantin aqueoussoluion is
very rare.Ontheotherhand partially deaceylatedchitin 1
and chitin-graft-poly(2-methyl-2-oxazoline) showed vir-
tually no surfaceactive propertes.The lower CMC of the
presentsystemis ascribedo thatthe chitin main chainof
graft copolymers presumablallowsthe poly(2-phetryl-2-
oxazoline)-blockpoly(2-methyl-2-okazoine)  segment
attadedto chitin to packmoreefficiently atthe air/water
interface All themeanareagAvalues)of theterminal seg-
merts of 5a—c were smalker thanthoseof thecomespond
ing 2a—c. Theseresultssuggetthatchitin backbore does
notreacttheair/watrinterfacelnterestingdy, thefactssug-
gestthechitin main chain doesnotdisturbthe assemblyof
block copolymersidechairs,butaidsit.

Graft copolymes 5c¢, 6, and 7 hawe almost the same
polyoxazolne contet ([PROZJ/[-NH,]) and chain

Tab.2. Charaterizationof micellesof chitin-graft-poly(2-oxazoline)

Polymer Graft polymer Modd compoundof sidechain
CMCa) '}/(;Mcb) y]_‘oW[._%C) Ad) in AZ/ Polyn'er CMCa) yCMCb) '}/1.0\,\,[..%(:) Ad) in /&2/
inwt.-% inmN/m inmN/m molecule in wt.-% in mN/m inmN/m  moleale
5a 2.0x10? 52 52 33 2a-OH 5.0x10* 52 52 100
5b 1.0x107? 51 50 45 2b-OH 3.2x 107 50 49 87
5¢c 1.3x10* 54 52 84 2c-OH 5.0x10? 53 53 94
6 1.7x10* 38 36 49 3-OH 1.3x 10" 40 37 33
7 3.5x10? 47 46 53 4-OH 2.0x10? 51 45 50

@  Critical micelle concentation, by surfacetensionmeasuementat 25°C.

b Thesurfacetensionat CMC (25°C).

9 Thesurfecetensionat 1.0wt.-% (25°C). Thevalueis anexperimentatalculation.
9 Molecular areaper polyoxazolineside chain, calculatedaccordng to ref>1%) The concentrationof the graft copolymes was

usedto calculatethe Avalue.
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length(m andn values).Thereduction of the surfaceten-
sionandthe stateof packing at air/waterinterfacedepend
on the subsituentsof the hydrophdbic oligo(2-oxazolire)
blocks. Graft copolymer 6 showed the lowesty andthe
smallest molecukbr area,which is dueto the chamacterof
the pendangroups of the hydrophdic oligo(2-oxazolire)
chains.The CMC valueof 5¢ wasthe lowestof thethree,
while the CMC value of 2¢-OH was higher than that of
the correspnding side chainmodel compounds3-OH or
4-OH. Furthermore the CMCs of 6 and 7 were slightly
higherthanthoseof 3-OH and4-OH, althoud the CMC
of 5a waslower thanthat of 2a-OH (vide suprg. There-
fore, the hydrophobicinteractionof the phenylgroupsof
graft copolymer5 seemdo influencethe CMC value.

Therole of the oligo(2-methyl-2o0xazoline)segnentis
discussedbelowon samplesf 5a, 5b, and5¢. CMC and
A values of 5a and 5b were smalker than thoseof 5c.
This tendencyis clearin comparisonwith the caseof 2a,
2b, and 2c. The facts imply that the relativly shorte
oligo(2-methyl-2-xazoline) segnent acts as a spacer
effectively.

Assembld structure of the graft copolymers

Direct observéion of the assemlsd structure of 5b was
carriedout by cryo-TEM (in 0.5 wt.-% D,0O solution at
25°C). Globular structural units with a diameterof abaut
40 nm and cylindrical aggre@tesof globula units (dia-
meter: 40nm, lengh: 80-200nm) were obseved
(Fig. 3). The size distribution of the assemly edimated
by numbeing the particlesper 8.7 um?in the photogaph

500 nm

Fig.3. Cryo-TEM photographof chitin-graft-[poly(2-methyl-
2-oxazoline)block-poly(2-phayl-2-oxazoling (5b) in DO (0.5
wt.-%0)
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Fig.4. The size distribution of molecularassemblyof chitin-
graft-[(poly(2-methyl-20xazoline)blockpoly(2-phenyl-2-oxa-
zoline)] (5b) estimatedy cryo-TEM analyss

is shown in Fig. 4. Globularmicelleswith monodispersd
volumes should be formed at the concentration of the
inflection pointsin the plots of surfacetensionvalues of
its aqueoussolutionversusthe logarithmof concentration
as shownin Fig. 2. At a higher concentration than the
CMCs, the polymersaggegateextersively, andthengen
erake the cylindrical, elongatedbody The avelageradius
of gyrationof the particlefrom a Guinier plot?® in SANS
meauremenof 5b (in 0.5wt.-% D,0 solution, at 25°C)
was 36 nm. The averageradiusof gyration estimaded by
cryo-TEM is in agreenentwith that measurecdby SANS
within the experimentalerror.

Complexatiorof the graft copolymer$—7 with
hydrophobicsubstances

Binding of maghesium 1-anilinoraphthalee-8-sufonate
(ANS) andpyrenewith graft copolymes 5—7 wasinves-
tigated by fluores@nce intensity measurement When
ANS was mixed with graft copolymer5b, the emission
maxma (Amay) shifted to lower wavelengh andthe rela-
tive intensiy at 485nm (I/l,, wherel and |, are fluores-
cenceintensities of ANS-containing aqueoussolutions
with andwithout 5b, respectivy) increasedaspolymer
corcentrationincreasedIn Fig. 5, Amax@ndl/lq in the pre-
senceof 5b areplottedasa function of concentation (C,
wt.-%). Plotsof I/l, valueshada clearbreakpoint at 0.02
wt.-%, and this concentation was nearly consisent with
the apparentCMC of 5b (0.01 wt.-%) calculatedfrom
suifacetensbn techriques.For pyrene,anincreaseof the
intensity in fluorescencespectra(l/l, at 392nm in the
emission spectrum 6.7) and a shift of the low-enegy
bard in the excitation spectrd” from 334 to 341nm
occured when the 5b content increasedto 0.05 wt.-%.
Theseresultsindicatethat the self-aggegateof 5b com
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Fig.5. Emissionmaximum (Am.) andrelative intensity at 485
nm (l/1) of ANS asa function of chitin-graft-[poly(2-methyl-2-
oxazoline)block-poly(2-phenyl-2-oxazoline)] (5b) concentra-
tion (C, wt.-%) at 25°C. Concentratiorof ANS: 2.0x 10°M

plexed with ANS and pyrene, while the data obtained
with ANS asa probegive evidencefor the formation of
polymericmicelles.

Here,the influenceof the substtuentsof the polyoxa-
zoline segnenton the guestbinding propertyis discussed
basedon the databy fluorescenceanalysisaswell assur
face tensbn measuement(Tab.2 and 3). Graft copoly-
mer 5¢ havng poly(2-phenyl-2exazoline) sidechains as
a hydrophdic segnent complexed with both ANS and
pyreneeffectively. This is ascribedto the lowest CMC
and stackingeffect of the phenyl group of 5c¢. Micropo-
larity around pyrenein the aggegatecan be edimated
from their relative intensity | ,/I; of the vibronic bandsV.
The I4/l; value in 0.4 wt.-% aqueoussolution of 5¢ was
1.76, which indicated that pyrere locatedin a doman
compardle to the polarity of N,N-dimethylacetamie (1,/
|3 = 17?“”) The |1/|3 valuesof 6 (|1/|3 = 165)and7 (|1/|3
= 1.63) were comparableto the polarity of acetore (1/13
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Tab.3. Complecation of chitin derivativeswith fluorescence
probesin wate®

Graft polymer ANS Pyrene
Aem” 10 10 11/12)
Control 528 — — 1.87
5c 467 33 3.2 1.76
6 489 21 3.2 1.65
7 478 27 1.5 1.63

¥ Polymer concentration0.4 wt.-%; temperature25°C.
Emissionmaxima
Relativefluoresceceintensityat485nm.
Relativefluoresceceintensityat 392nm.

Seeref )

=4

LS e

1.642%) or ethylene glycol (1i/I3 = 1.64™). The I,/13
value is averagedover severalpossille sub-pgulations
of pyrere, located in different partsof the polyme. The
valuesindicatedareapproxmatedestimatesrelatedto the
micropolariies of the possilie environnentsin the copo-
lymers. The resuts suggestthat the hydrgphobic micro-
envronment of the guestbinding site can be contolled
by macromoéculardesignintroducing amphiphilc block
copolymersegnents.

Conclusion

Novel chitin deiivatives with monodispese amphiphilc

poly(2-oxazdine) block copolymer side chairs were
synthesizedas a first exampleof introducion of living

block copolymerto a polysacclaride. The micelle forma-
tion of the graft copolymes in aqueoussolution was
investigaed by surfacetensbn, cryo-TEM, and fluores

cenceintensity measurerantsabovethe CMC. The sur

face-active behaviorand the complexation with hydro-
phabic substanesdependon the chenical structure,i. e.,
chan lengh and substtuents of polyoxazolines. Graft
copolymer 5 forms cylindrical aggregées (diameer:
40 nm, length: 80-200nm) in aqueoussolution These
resuts lead us to hope that the size, the shape,the
arrargementandthe guest-bindingability of the polysac-
chaiide-basedhanopaticles can be controlled by supra-
moleculardesign.
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