
CHAPTER II
HYDROPHOBIC CHAIN CONJUGATION AT HYDROXYL GROUP ONTO 

y-RAY IRRADIATED CHITOSAN

Abstract
y-Ray irradiation of chitosan flakes and introduction of hydrophobic chains 

onto hydroxyl groups are discussed. At 25 kGy, chain degradation without 
crosslinking reduces the molecular weight to one-fourth, however structural 
characterization by FT-IR, ’H-NMR, and ,3C CP/MAS NMR indicates that the 
saccharide units are maintained. Introduction of hydrophobic chains is 
accomplished by introduction of alkyl amine group onto the chitosan carbonyl 
imidazole precursor. The chitosan coupling reaction is improved and can be done 
homogeneously as a result of y-ray irradiation. The optimum conditions for 
phthalimido group deprotection are studied to generate a unique product with a 
hydrophobic chain attached mainly at hydroxyl group (C-6 and/or C-3) while amino 
group (C-2) is retained as characterized by FT-IR, and 'H-NMR. The final product 
shows fair solubility in organic solvents, such as DMSO, DMAc, DMF, and pyridine.
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Introduction
Chitin-chitosan is the second most naturally abundant copolysaccharide of 

p-(l-4)-2-acetamido-2-deoxy-P-D-glucose and P-(l-4)-2-amino-2-deoxy-P-D- 
glucose (Scheme 1). Due to its specific properties including biocompatibility1’2, 
biodegradability3’4, bioactivity5’6, and non-toxicity and the potential for physical7,8 

and chemical9"13 modification, chitin-chitosan has received much interest as a 
precursor to value added biopolymers. Structural modification of chitin-chitosan by 
reaction with other functional groups has been proposed as a route to derivatives for 
advanced applications14’15. Owing to the high molecular weight and strong intra- 
and intermolecular hydrogen bonds, the structural modification of chitin-chitosan by 
chemical reactions is limited. To break through this problem, an alternate way is to 
first reduce its molecular weight to access to the reactive functional groups or 
provide access for chemical species to react with the chitin-chitosan chain 
effectively.

Chemical treatment16"18, enzymatic degradation19’20, and photoirradiation21"24 

are all pathways for chain degradation of chitin-chitosan. Although chemical 
treatment can be easily done, the amount of consumed acid/base and the waste are of 
concern. Enzymatic degradation can be achieved under mild conditions; however, 
using multi-step procedures. Photoirradiation with y-rays is an effective pathway 
when we consider that it is a single-step procedure that allows extensive modification 
without waste. Although some studies of yray irradiation of polysaccharides have 
been done previously, the chemical modification of y-ray irradiated polysaccharide is 
rarely seen. It is important to answer the question whether chitosan, following y-ray 
irradiation; m aintains i ts ร tructure b efore น sing i t a ร a ร tarting m aterial for further 
chemical modification. Ebringerova et al.25 reported that yray irradiation for solid 
arabinoxylan induced changes in sugar composition, formation of new functional 
groups, cleavage of glycosidic bonds, decreases in molecular weight, and increases 
in water solubility. Chen et al.26 reported that the glycoside linkages of cellulose 
triacetate were degraded to carbonyl and carboxyl species at chain termini.

Regarding chitosan modification, the introduction of hydrophobic groups is 
an attractive objective, especially when aiming for the complexation and/or
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aggregation of hydrophobic chitosan with specific molecules, i.e., drugs, pesticides, 
or toxic reagents through micelle formation. The chitosan structure contains amino 
and hydroxyl groups that are useful for chemical modification. Owing to the higher 
reactivity of the amino group at C-2 than the hydroxyl groups at C-6 and C-3, most 
studies on the chemical m odification of chitosan deal with reactions at the amino 
group. In the case of hydrophobic chain functionalization, Miwa et al.27 proposed 
forming lauryl chains on the amino groups of carboxymethyl chitosan. Yoshioka et 
al.28 reported a senes of sulfated N-acyl-chitosans possessing various alkyl chain 
lengths at the C-2 unit. However, when we consider the unique structure of 
chitosan, it is important to maintain the aminosaccharide unit for specific properties. 
In another words, if chitosan with a hydrophobic chain only at hydroxyl groups can 
be realized, the properties of the aminosaccharide groups will be retained.

The present work focuses on the effective functionalization of hydroxyls 
with hydrophobic groups by using reduced molecular weight chitosan obtained from 
y-ray irradiation processes. In the first step, we determine the optimum y-ray 
irradiation conditions to obtain molecular weight reduction with minor changes in the 
structure of the product. In the second step, the y-ray irradiated chitosan is coupled 
with a spacer group for further functionalization with a hydrophobic chain. The 
present work is unique in terms of the final product with a hydrophobic group 
selectively added at C-6 and/or C-3.

Experimental
Chemicals

Chitosan with 81.8% deacetylation (Scheme 1, X = 81.8) was provided by 
the Asian Institute of Technology (AIT), Bangkok, Thailand. 
A/iV’-Carbonyldiimidazole (CDI) was obtained from TCI, Japan. Methanol was 
purchased from J.T. Baker, USA. Acetic acid, M/V-dimethylformamide (DMF), and 
sodium hydroxide were supplied by UNIVAR, Australia. Phthalic anhydride, 
n-hexylamine, and deuterium oxide were purchased from Fluka Chemika, 
Switzerland. Ethanol, and acetone were obtained from BDH Laboratory Supplies, 
England. Sodium acetate was purchased from Wako Pure Chemical Industries, Ltd.,
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Japan. Hydrazine monohydrate was purchased from Nacalai Tesque., Inc., Kyoto, 
Japan. Acetic acid-d4 was obtained from GROUPE cea C.E SACLAY, France. 
Methyl sulfoxide-d6 was purchased from Aldrich. All chemicals were used without 
further purification.

Instruments and Equipment
Qualitative and quantitative FT-IR spectra were recorded on a VECTOR 3.0 

BRUKER spectrometer พ ith 64 scans at a resolution of 4 cm' 1 using a deuterated 
triglycinesulfate detector (DTGS) with a specific detectivity, D*, of lx io 9 

cm.Hz1/2พ'1. 13c  CP/MAS NMR spectra were taken at 300 MHz with a BRUKER
DPX-300 at 23±l°c. Degree of deacetylation (DD) was analyzed by the acid 
hydrolysis-HPLC method.29 The analysis of acetic acid was carried out using a 
Waters HPLC with a 300 X  7.8 mm column ORH-801 cation exchange resin 
(Interaction Chromatography INC., 2032 Concourse Drive, San Jose, CA 95131); 1 
mM H2SO4; flow rate 0.8 mL/min; pressure 1600 psi; He degas at rate of 15 mL/min; 
column oven temperature 45°C; sample compartment 25°C; injection volume 30|iL; 
detection at 210 ran by a Waters™ 486 Tunable absorbance detector. 'H-NMR 
spectra were obtained using a JEOL GSX 400 (400 MHz) at 70±l°c. Powder 
X-ray diffraction patterns were recorded over a 20 range of 5-50° by a RIGAKU 
RINT 2000 using CuKa as an X-ray source and operating at 40 kv, 30 mA with Ni 
filter. Elemental analyses were obtained using a YANAKO CHN CORDER MT-3, 
MT-5 Analyzer with a combustion temperature at 950°c under air with O2 as a 
combustion gas (flow rate 20 mL/min) and He as a carrier (flow rate 200 mL/min). 
A Dupont thermogravimetric analyzer was used for TGA studies using an N2 flow 
rate of 20 mL/min and a heating rate of 20°c/min from 30° to 600°c. Intrinsic 
viscosity [ ]ๆ of chitosan and y-ray irradiated chitosan samples as measured with a 
calibrated viscometer Cannon-Ubbelohde (NO 2, A149) in 0.2 M CH3COOH/0.I M 
CH3COONa aqueous solution at 30 ± 0.05°c. Molecular weight was calculated 
using the Mark-Houwink equation with K = 9.8490 X 104 mL/g, and a = 0.9856.30 A 
Lamda-10 UV-VIS spectrophotometer from Perkin-Elmer was used to study the 
structural change of chitosan after y-ray irradiation.
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Procedures:
y-Ray Irradiated Chitosan

y-Ray irradiation was carried out in a y-cell (Co-60) courtesy of the Office 
of Atomic Energy for Peace (OAEP), Ministry of Science and Technology, Thailand. 
Dried flake samples were irradiated in air at various doses up to 96.23 kGy, at a dose 
rate of 6.88 kGy/h.

Chemical Modification of y-Ray Irradiated Chitosan
y-Ray irradiated chitosan, 1 (1.00 g) was reacted with phthalic anhydride 

(4.39 g, 5 moles equivalent to pyranose rings) in A/iV-dimethylformamide (DMF) (20 
mL) at 100°c under nitrogen for 6 h. The temperature was reduced to 60°c and the 
mixture was left overnight. Decanted solution was concentrated and product 
reprecipitated in ice water. The precipitate was collected, washed with ethanol 
three times, and dried in vacuo to give pale yellow 2 (Scheme 2).

Anal. Calcd. for (C14H130 6N)o.69 (C6Hn0 4N)o.,3 (C8H130 5N)o.,8: (%) c, 
55.24; H, 4.94; and N, 5.42. Found: (%) c, 55.13; H, 4.45; and N, 3.35: FT-IR 
(KBr, cm'1) 3472 (OH), 1776 and 1714 (C=0 anhydride), and 721 (aromatic ring): 
13c CP/MAS NMR (5, ppm) 2 3.3 (CH3), 5 7.0 (C-2), 64.7 (C-6), 7 3.2 (C-3, C-5),
80.5 (C-4), 100.4 (C-l), 131.1 (aromatic ring), and 169.1 (C=0): 'H-NMR (6, ppm)
1.7 (CH3 in acetamide), 3.4-5.0 (pyranose ring), and 7.6-7.7 (aromatic ring).

Compound 2 (1.00 g) was dispersed in DMF (20 mL) and heated to 100°c 
in vacuo. After 30 min, A/A’-Carbonyldiimidazole (CDI) (1.79 g, 3 moles 
equivalent to pyranose rings) was added and reacted at 100°c for 30 min. The 
temperature was reduced to 60°c and stirring was continued for 2 h. The mixture 
obtained was concentrated and precipitated using acetone. The precipitate was 
rinsed with acetone and dried in vacuo to give 3 (Scheme 2).

Anal. Calcd. for (Ci8Hi507N3)o.69 (Ci4Hi506N5)o.i3 (Ci2Hi506N3)o.i8: (%) c, 
53.99; H, 4.12; and N, 12.52. Found: (%) c , 54.49; H, 4.66; and N, 9.45: FT-IR 
(KBr, cm'1) 3474 (OH), 1776 and 1714 (C=0 anhydride), 1774 (C=0 in reactive 
ester), and 721 (aromatic ring): 13c  CP/MAS NMR (Ô, ppm) 124.1 and 134.7
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( im id azo le ): 'H -N M R  (8 , p p m ) 1.7 (C H 3 in  ace tam id e), 3 .2 -5 .2  (p y ran o se  rin g ), 7 .0  
( im id azo le ) , an d  7 .6 -7 . 8  (a ro m a tic  ring).

T h e  re a c tio n  o f  a lky l am in e  w ith  th e  ch ito san  p re c u rso r  w as  ach iev ed  as 
fo llow s. C o m p o u n d  3 (1 .0 0  g) w as d isso lv e d  in  D M F  (20  m L ) at 7 0 ° c  in  vacuo . 
A fte r  1 h , n -h e x y la m in e  (1 .3  m L , 3 .3 6  m o les  eq u iv a len t to  p y ran o se  r in g s) w as  
ad d ed  an d  th e  re a c tio n  w as  ca rried  o u t at 7 0 ° c  fo r 3 h. T h e  re a c tio n  w as co n tin u ed  
o v e rn ig h t u n d e r  n itro g en . T h e  so lu tio n  w as co n c e n tra ted  an d  p re c ip ita te d  w ith  
a ce to n itrile . T h e  p re c ip ita te  w as  c o lle c ted  an d  w ash ed  th o ro u g h ly  w ith  ace to n itrile , 
fo llo w ed  b y  d ry in g  in  v acu o  to  g iv e  a  p a le  y e llo w  p o w d e r  4  (S c h e m e  2).

A n a l. C a lcd . fo r [(C 2 iH 2 6 0 7 N 2 )o.6 9  (C 2oH3 7 0 6 N 3 )oi3 (C i5H 2 6 0 6 N 2 )o.i8]o.75  

[(C 14H 130 6N ) o.69 ( C 6H i i O 4N)013 ( C 8H 1 3 0 5 N )o.i8]o.2 5 : ( % )  c ,  5 8 .4 1 ;  H , 6 .4 9 ;  a n d N ,
7 .07 . F o u n d : (% ) c ,  5 6 .4 9 ; H , 7 .13 ; an d  N , 6 .64: F T -IR  (K B r, cm -1) 31 2 5 -3 7 2 5  
(O H ), 2 8 6 2 -3 0 7 1  (C -H ), 1776, and  1714  ( C = 0  o f  an h y d rid e ), 1714  (ca rb am ate  b o n d ) 
and  721 (a ro m a tic  rin g ): 'H -N M R  (ร, p p m ) 0.8 (C H 3), 1.2 (C H 2), 1.7 (C H 3 in  
a ce tam id e), 3 .4 -5 .1  (p y ran o se  ring ), an d  7.5 (a ro m atic  ring).

C o m p o u n d  4 (1 .0 0  g) w as  s tirred  in  D M F  (20  m L ) an d  h ea ted  to  1 0 0 ° c  
u n d e r n itro g en . H y d ra z in e  m o n o h y d ra te  w a s  ad d ed  and  th e  re a c tio n  w as co n tin u ed  
fo r 1 h. T h e  y e llo w  so lu tio n  w as a llo w ed  to  co o l to  ro o m  te m p e ra tu re  re su ltin g  in  
p rec ip ita tio n . T h e  p re c ip ita te  w as  co lle c te d  an d  w a sh e d  th o ro u g h ly  w ith  m e th an o l 
and  d ried  in  v acu o  to  y ie ld  5 (S ch em e  2).

A nal. C a lcd . fo r [ (C i3H 2 4 0 5 N 2)o.6 9  (C 2oH3 7 C>6N 3 )o.i3 (C i 5H 2 6 0 6 N 2 )o.i8 ]o.73  

[(CioHi305N3)o.69 ( C mH isO ôN s^ .B  (Ci2Hi506N3)o.i8]o.02 [(C ôH h 0 4 N )o.82
(C 8H , 3 0 5N )o.i8 ]o.2 5 : (% ) c ,  53 .23 ; H , 8 .03 ; and  N , 9 .51 . F o u n d : (% ) c ,  4 8 .2 6 ; H , 
7 .62 ; an d  N , 8 .09: F T -IR  (K B r, c m '1) 3 1 2 5 -3 7 2 5  (O H ), 286 2 -3 0 7 1  (C -H ), 1714 
(ca rb am ate  b o n d ) and  1150 (N H 2 ): 'H -N M R  (8 , p p m ) 0 .8  (C H 3 ), 1.2 (C H 2 ), 1.7 (C H 3 

in  a ce tam id e), 3 .4 -5 .1  (p y ran o se  ring ), and  7 .4  (a ro m atic  b e n z e n e  ring).



26

Results and Discussion
y-RAY IRRADIATED CHITOSAN
y-Ray Irradiation Effect on Molecular Weight

In  th e  p re se n t w o rk , h ig h  m o le c u la r  w e ig h t ch ito sa n  flak e  (% D D  =  81 .8 , My 
=  2 .2  X 106) w as irra d ia te d  in  a ir  o v e r a  w id e  ran g e  o f  y -ray  d o sag es  to  o b se rv e  
ch an g es  in  m o le c u la r  w e ig h t and  ch em ica l s tru c tu re . M o le c u la r  w e ig h t ev a lu a ted  
v ia  in tr in s ic  v isc o s ity  d e c re a sed  s ig n ific a n tly  to  o n e -fo u rth  w h e n  y -ray  d o se  is 25 
k G y  (F ig u re  1). U la n sk i et a l . 22 rep o rted  th a t y -ray  ir ra d ia tio n  o f  so lid  ch ito san  
(% D D  =  91 .0 , M w =  1.4 X 106) in  a ir  g av e  th e  m o le c u la r  w e ig h t re d u c tio n  to  
o n e -th ird  a t 25 kG y. T h e  d iffe ren ce  in  m o le c u la r  w e ig h t re d u c tio n s  m ay  b e  due  to 
ch ito sa n  so u rce , d e g re e  o f  d eace ty la tio n , an d  c rysta llin ity . In  o u r w o rk , it w as 
fo u n d  th a t th e  m o le c u la r  w e ig h t w as  ra th e r  s tab le  at My =  5.2 X 1 o5 c o rre sp o n d in g  to 
3 X 10 3 m e rs  a fte r  25 k G y  irrad ia tio n . T h is  m ig h t b e  d u e  to  th e  sem i-c ry s ta llin e  
ch ito sa n  stru c tu re . In itia lly , y -ray  irrad ia tio n  m ay  a ffec t am o rp h o u s  re g io n s  lead in g  
to  s ig n ific a n t re d u c tio n  in  m o le c u la r  w e ig h t. W h en  th e  a m o rp h o u s  re g io n s  are 
d e s tro y ed , ir ra d ia tio n  e n e rg y  o n ly  th en  b e g in s  to  d eg rad e  th e  c ry s ta llin e  segm en ts . 
H o w ev er, e v en  at h ig h  d o ses , th e  e ffec t o f  irrad ia tio n  o n  th e  c ry s ta llin e  p o rtio n  w as 
less  s in ce  it is d iff icu lt to  b re a k  th e  tig h tly  p a c k e d  cha ins. T h is  co u ld  b e  co n firm ed  
b y  s tru c tu ra l an a ly s is , as su m m arized  in  th e  n e x t sec tion . A s a  re su lt, th e  m o le c u la r  
w e ig h t re d u c tio n  d id  n o t ch an g e  ab o v e  a  c e rta in  d o se  level. It w a s  fo u n d  th a t the  
p ro d u c t ch a n g e d  fro m  w h ite  to  y e llo w  in  color. T h e  m e c h a n ism  o f  so lid  s ta te  
ch ito sa n  d  e g rad a tio n  b  y  y -ra y  i rrad ia tio n  พ  as r  ep o rted  P re v io u s ly  t O i n v o lv e  c h a in  
sc iss io n  as rad ica l sp e c ie s  are  g en e ra ted  at C - l  a n d /o r C -4 . 31 T h ese  sp ec ie s  in d u ce  
ch a in  sc iss io n  at th e  1 ,4 -g lycosid ic  b o n d . In  co n tras t, i f  rad ica l sp ec ie s  fo rm  at 
o th e r ca rb o n s , c ro ss lin k in g  w ill o ccu r and  th e  m o le c u la r  w e ig h t sh o u ld  in crease . In 
o u r case , th e  o b ta in ed  p ro d u c t d isso lv ed  c o m p le te ly  in  ace tic  ac id  to  a c le a r  so lu tion . 
T h is  im p lie s  th a t y -ray  irrad ia tio n  o f  ch ito sa n  so lid  flak es in d u ces  ch a in  d e g ra d a tio n  
w ith o u t c ro ss lin k in g .
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y-Ray Irradiation Effect on Saccharide Unit
In  th e  p re se n t w o rk , FT -IR , ‘H -N M R , 13c  C P /M A S  N M R  an d  u v  

te c h n iq u e s  w e re  ap p lied  to  c la r ify  th e  c h an g es  in  s tru c tu re . T h e  F T -IR  p eak s  at 
8 9 5 -1 2 0 0  c n f ’o f  e a c h  y -ray  irrad ia ted  ch ito sa n  sam p le  o b ta in e d  at v a rio u s  doses 
su g g es t th a t  th e  sac c h a rid e  b a c k b o n e  is m a in ta in e d  (F ig u re  2). y -R ay  irrad ia ted  
ch ito sa n  a t  d if fe re n t  d o ses  ร h o w  ร im ila r  1 H -N M R  p a ttem s. T h e  p eak  a t 1 . 8  p p m  
arises  fro m  th e  m e th y l p ro to n s , w h ile  th e  p eak s  at 2 .9 -4 .7  c a n  b e  a ss ig n ed  to  p ro to n s  
o f  e a c h  ca rb o n  in  th e  h e x o sa m in e  un it. 13c  C P /M A S  N M R  sp ec tra  o f  y -ray  
irra d ia te d  c h ito sa n  o b ta in e d  at v a rio u s  d o se s  a lso  sh o w  s im ila r  p a tte rn s  to  
u n irra d ia te d  m a te r ia ls  (T ab le  1). T h e  sig n a ls  d u e  to  ca rb o n s  o f  h e x o sa m in e  re s id u es  
are  a ss ig n e d  a t 5 7 .7 -1 0 5 .3  p p m . T h e  sin g le  p eak  at 2 4 .0  p p m  is a ss ig n ed  to  m eth y l 
p ro to n s  w h ile  th e  174 .0  p p m  p eak  is a ss ig n ed  to  th e  c = 0  ace tam id e . W enw ei et 
a l . 2 4  re p o rte d  th a t th e  g ly co s id ic  b o n d s  ( C 1-O -C 4  g ro u p ) d e c re a se  w ith  in c rea s in g  
ra d ia tio n  d o se s  le ad in g  to  h y d ro x y l g roup  fo rm a tio n  as o b se rv e d  b y  FT -IR . In  the  
p re se n t w o rk , th e  ch an g e  in  h y d ro x y l g ro u p  in ten s ity  w as e v a lu a ted  b y  F T -IR  u sin g  
th e  p e a k  in te n s ity  ra tio  a t 3 5 8 2  c m "1 (h y d ro x y l b an d ) an d  1655 c m "1 (am id e  I ban d ). 
It sh o u ld  b e  n o te d  th a t th e  ch an g e  in  h y d ro x y l g ro u p s  is in s ig n ific an t an d  n o t re la ted  
to  th e  y -ray  d o sag e . H o w ev er, fu rth e r s tu d ies  b y  U V -V IS  sp e c tro sc o p y  (F ig u re  3) 
in d ica te  th a t th e  ca rb o n y l p e a k  at 293 n m  in creases  s ig n ifican tly . T h u s, ch a in  
d e g ra d a tio n  m ig h t o c c u r  m a in ly  at g ly co s id e  lin k ag es  to  g en e ra te  so m e  ca rb o n y l 
te rm in a l g ro u p s  as p ro p o se d  b y  U lan sk i e t a l.22. T ak ing  a ll s tru c tu ra l 
c h a ra c te r iz a tio n  re su lts  in to  co n s id e ra tio n , w e  c o n c lu d e  th a t a lth o u g h  th e  m o le c u la r  
w e ig h t w as  re d u c e d  sig n ifican tly , m o st sacch a rid e  u n its  s till rem a in . H ere , th e  y -ray  
d o sag e  a t 25 k G y  w as c h o se n  as o p tim a l fo r y -ray  irrad ia ted  ch ito sa n  raw  m a te r ia l to 
b e  u se d  fo r  fu rth e r p ro cess in g .

y-Ray Irradiation Effect on Morphology and Degree of Deacetylation
P o w d e r X -ra y  d iffrac tio n  w as u sed  to  s tu d y  th e  c h an g es  in  p a c k in g  s tru c tu re  

a fte r y -ray  irrad ia tio n . T h e  p a tte rn s  o f  y -ray  irrad ia ted  ch ito sa n  a t v a rio u s  do ses 
w ere  th e  sam e  as th o se  o f  th e  s ta rtin g  m a te ria l w ith  th e  p eak s  a t la ttice  an g les  o f  9 .7° 
and  19 .8° 20  (F ig u re  4). T h is  su g g ests  th a t y -ray  irrad ia tio n  up  to  96 .23  k G y  does
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n o t a ffec t c h ito sa n  crysta llin ity .
T h e  e ffec t o f  y -rays on  d eg ree s  o f  d eace ty la tio n  w a s  e v a lu a ted  b y  a  cu rv e  

fittin g  q u a n tita tiv e  F T -IR  te ch n iq u e  u s in g  th e  p e a k  ra tio  o f  th e  am id e  I b an d  (1655 
c m '1) an d  h y d ro x y l b a n d  (3 4 5 0  c m '1). T h e  re su lts  p o in t o u t th a t th e  d eg ree  o f  
d e a c e ty la tio n  is m a in ta in e d  at a  ra tio  o f  0 .15  (F ig u re  5). T h is  is c o n firm e d  b y  d irec t 
e v a lu a tio n  m e th o d s , i.e ., 1H -N M R  an d  ac id  h y d ro ly s is -H P L C  te ch n iq u es  as sh o w n  in 
F ig u re  5. T h e  e v a lu a tio n  from  b o th  m e th o d s su p p o rt m e a su re d  d eg ree  o f  
d e a c e ty la tio n  as b e in g  c o n s ta n t at 0.81 ±  0.01 fo r  each  y -ray  d ose . T h is  co n firm ed  
th a t th e  c h a in  d e g ra d a tio n  b y  y -ray  ir ra d ia tio n  o ccu rs  at ra n d o m  p o s itio n s  an d  h a s  no  
effec t o n  th e  d eg ree  o f  d eace ty la tio n .

CHEMICAL MODIFICATION OF y-RAY IRRADIATED CHITOSAN 
Comparable Studies on Reactivity of y-Ray Irradiated Chitosan and 
Unirradiated Chitosan

T h e  p re lim in a ry  re a c tio n  w ith  C D I w as ch o sen  to  c o m p are  th e  re a c tiv ity  o f  
u n irrad ia ted  an d  y -ray  irrad ia ted  ch ito sa n  (a t 25 k G y ) s in c e  th e  re a c tio n  can  be  
q u a lita tiv e  and  q u a n tita tiv e  b y  F T IR . F ig u re  6  d em o n stra te s  th a t b o th  p ro d u c ts  g ive  
th e  c h a ra c te r is tic  p e a k  o f  a  re ac tiv e  e s te r  a t 1745 cm ' 1 (F ig u re  6 ). T h e  ra tio  o f  th e  
ca rb o n y l (c a rb o n y l im id azo lid e ) b an d  a t 1745 c m ' 1 to  th e  p y ra n o se  b a n d  a t 897  cm ' 1 

as d e riv e d  fro m  cu rv e  f ittin g  F T -IR  te c h n iq u e  w as ap p lied  to  q u an tita te  th e  d e g re e  o f  
C D I su b s titu tio n . T h e  in teg ra l ra tio s  o f  th e  p ro d u c t c o u p lin g  w ith  C D I w e re  found  
to  b e  2 .5 , an d  1.6 fo r y -ray  irrad ia ted  an d  u n irrad ia ted  c h ito san , resp ec tiv e ly . T h is  
m ean s th a t y -ray  ir ra d ia tio n  en h an ces  th e  re a c tiv ity  o f  ch ito sa n  b y  5 0 -6 0 % . In 
an o th e r w o rd s , th e  d e c re a se  in  m o le c u la r  w e ig h t a fte r y -ray  ir ra d ia tio n  is th e  k ey  
fac to r im p ro v in g  ch ito sa n  reactiv ity .

Protection of Amino Group on y-Ray Irradiated Chitosan
T h o u g h  sev e ra l rep o rts  on  y -ray  irrad ia ted  c h ito sa n  h av e  b e e n  p u b lish ed , 

the  ch em ica l re a c tio n s  o f  y -ray  irrad ia ted  p ro d u c ts  are  ra re ly  d iscu ssed . In  th is  
w o rk , w e  fo cu sed  o n  ch a in  m o d ific a tio n  o f  y -ray  irrad ia ted  ch ito san  u n d e r  th e  
co n d itio n s  w h e re  re a c tio n  o ccu rs  m a in ly  at h y d ro x y l g ro u p s  w h ile  am in o  g ro u p s
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rem a in ed  u n reac ted . In  o rd e r  to  ach iev e  th is  goal, p ro te c tio n  o f  th e  am in o  g roup  
w ith  p h th a lic  a n h y d rid e 10 w as  ca rried  o u t in  a  first step.

F ig u re  2 c la rif ie s  th a t th e  y -ray  irrad ia ted  c h ito sa n  a fte r  re a c tio n  w ith  
p h th a lic  an h y d rid e  sh o w s th e  p h th a lim id o  ch a rac te ris tic  p eak s  at 1776 an d  1714  cm ' 1 

re fe rrin g  to  ca rb o n y l a n h y d rid e  an d  721 c m ' 1 b e lo n g in g  to  a ro m atic  ring . ,3C 
C P /M A S  N M R  su m m a riz e d  in  T ab le  1 c la rif ie s  th e  a ro m a tic  r in g  in  p h th a lim id o  
g roup  as a  s in g le  sh arp  p eak  at 131.1 p p m , and  tw o  ty p es  o f  c = 0  b e lo n g in g  to 
a ce tam id e  and  p h th a lim id o  g ro u p s at 169.1 ppm . In  ad d itio n , 'H -N M R  also  
su p p o rte d  th e  su ccessfu l p h th a lo y la tio n  as seen  fro m  th e  p e a k  a t7 .6  p p m  b e lo n g in g  to 
p ro to n s  o f  th e  p h en y l rin g . T h e  d eg ree  o f  p h th a lo y la tio n  e v a lu a ted  b y  e lem en ta l 
an a ly s is  w as  fo u n d  to  b e  84  %.

T h e rm o g ra v im e try  a  n a ly ses  w ere  u sed  to  e v a lu a te  th e rm a l s ta b ility  o f  th e  
d e riv a tiv e s  o b ta in ed . F o r  y -ray  irrad ia ted  ch ito san , 1, T G  /D T A  sh o w s m a ss  lo sses 
at 58° an d  3 2 0 ° c ,  re v e a lin g  th e  lo ss  o f  m o is tu re  an d  th e n  ch ito sa n  d eg rad a tio n , 
resp ec tiv e ly . H o w ev er, N -p h th a lo y l y - ra y  irrad ia ted  ch ito san , 2, g av e  an 
en d o th e rm ic  p e a k  at 2 2 0 ° c  th a t can  b e  a ss ig n ed  to  p h th a lim id o  g ro u p s. F ro m  th ese  
re su lts , it can  b e  c o n c lu d e d  th a t th e  p h th a lim id o  g roup  w as su c c e ss fu lly  in tro d u ced  
on to  y -ray  irrad ia ted  ch ito san . T h e  X R D  p a tte rn  o f  2 sh o w s a  b ro a d  p e a k  at 19° 29 
(F ig u re  4). T h is  m ig h t re la te  to  th e  re d u c tio n  o f  in ter- and  in tra m o le c u la r  h y d ro g e n  
b o n d s  o f  c h ito sa n  c h a in  b y  th e  b u lk y  p h th a lim id o  g roups. C o m p o u n d  2 w a s  found  
to  b e  d isso lv e  ea s ily  in  o rg an ic  so lv en ts  su ch  as D M F, D M S O , D M A c an d  p y rid in e . 
T h is  p ro v id e s  th e  h o m o g e n e o u s  system s fo r ch em ica l m o d if ic a tio n  in  th e  n e x t step .

y-Ray Irradiated Chitosan Precursor
In  th e  p re se n t w o rk , vV ,./V '-carbonyldiim idazole (C D I) w as  c h o se n  as a 

c o u p lin g  ag en t d u e  to  its  h ig h  re a c tiv ity  w ith  a lco h o ls , c a rb o x y lic  ac id s, an d  am ines, 
w h ich  a  re  i m p o rta n t f  u n c tio n a l g ro u p s  i ท c a rb o h y d ra te  p  o ly m ers . B e c a u se  o f  t  he  
e lec tro n  a ttra c tio n  ex e rted  fro m  b o th  s ides on  th e  ca rb o n y l g ro u p  b y  th e  h e te ro cy c lic  
ring , th e  C D I re a c ts  e a s ily  v ia  n u c leo p h ilic  su b s titu tio n  fo r w h ic h  b o th  h y d ro x y l and  
am in o  g ro u p s  can  ac t as n u c le o p h ile s . 3 2 ,3 3  H ere , m o st o f  th e  am ino  g ro u p s  at C -2  
w ere  P ro tec ted  b y  P h th a lic  a n h y d rid e  i ท t h e  f i r s t  ร tep  10  a  v o id  r  eac tio n  พ  ith  c  D I.
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A c c o rd in g  to  th e  h ig h  re a c tiv ity  o f  C D I, th e  re a c tio n  h as  ru n  in  a  n o n -a q u e o u s  
sy stem  to  c o n tro l th e  d eg rad a tio n . In  o u r p re v io u s  w o rk 13, th e  reac tio n  w a s  ru n  in  a 
h e te ro g e n e o u s  sy s tem  an d  th e  y ie ld  w a s  low. C o m p o u n d  2 is  ex p ec ted  to  p ro v id e  
h ig h  y ie ld s  s in ce  it is so lu b le  in  D M F  a llo w in g  h o m o g en eo u s  re a c tio n  system .

C o m p o u n d  2 re a c ted  w ith  C D I fo r th e  reac tiv e  e s te r  im id azo le  as seen  b y  
F T -IR  (F ig u re  2), p e a k s  a t 1774 cm ' 1 fo r re a c tiv e  es te r im id a z o le  an d  at 1714  c m ' 1 fo r 
a  c a rb a m a te  appear. 13c  C P /M A S  N M R  (T ab le  1) and  ‘H -N M R  sh o w  n e w  p eak s  due  
to  im id a z o le  g ro u p  at 124.2  and  134.7  p p m , and  7 .0 2  p p m , resp ec tiv e ly . T h is 
c o n firm s  th e  su ccess  o f  th e  re a c tio n  to  fo rm  c o m p o u n d  3. T h e  d eg ree  o f  
su b s titu tio n  w as 75 %  as d e te rm in e d  b y  C /N  ra tio . It sh o u ld  b e  n o te d  th a t C D I 
su b s titu tio n  ta k e s  p lace  at t h e  c  - 6  a n d  c  -3 h y d ro x y l g ro u p s , a s  c o n firm e d  b  y  13C 
C P /M A S  N M R  (T ab le  1). B y  c o m p a rin g  th e  c h em ica l sh if t o f  3 to  th a t o f  2, the  
p eak s  at 6 4 .6 , and  73 .2  p p m  b e lo n g in g  to  C -6 , an d  C -3 , re sp e c tiv e ly  w e re  sp lit  in to  
d o u b le ts  im p ly in g  th a t C D I su b s titu tio n  o ccu rred  p re d o m in a n tly  at C -6 , an d  p a r tia lly  
a t C -3 .

T h e rm a l s ta b ility  s tu d ied  b y  T G /D T A  re v e a le d  fo u r e n d o th e rm s as 
c o m p a re d  to  2. T h e  e n d o th e rm  a t 1 9 5 ° c  p o in ts  to  th e  lo ss  o f  im id azo lid e , w h ile  th e  
o n e  a t 2 6 2 ° c  re flec ts  th e  lo ss  o f  p h th a lim id o  g roup . F ig u re  4 rev ea ls  th e  p a c k in g  
s tru c tu re  o f  3 fo r th e  in c rea se  in  c ry s ta llin ity  c o m p arin g  to  2 as c o n firm e d  b y  th e  
ch an g e  i ท th e  p eak  a t  2 2° 29 . T h is  i m p lie s  th a t th e  r  e a c tiv e  e s te r g ro u p  in d u c e s  
o th e r ty p es  o f  ch a in  p ack in g , w h ic h  m ig h t b e  d u e  to  in tra m o le c u la r  h y d ro g e n  
b o n d in g  b e tw e e n  th e  c a rb am a te  and  ch ito san  h y d ro x y l g ro u p s. A s a  re su lt, th e  
so lu b ility  o f  3, esp e c ia lly  in  D M F , D M S O , D M A c, an d  p y rid in e  d ec rea ses  
s ig n if ic a n tly  as co m p ared  to  2 (T ab le  2).

Conjugation of y-Ray Irradiated Chitosan Precursor with Alkyl Amine and 
Protecting Group Removal

In  th e  p re se n t w o rk , a lk y l am in e  fu n c tio n a liz a tio n  o f  3 u s in g  n -h ex y lam in e  
in  D M F  w a s  a ttem p ted . A fte r  3 h, th e  reac tiv e  e s te r  im id azo le  g ro u p s  are 
c o n su m ed  as ev id e n c e d  b y  d isa p p e a ra n c e  o f  th e  p eak  a t 1774  cm ' 1 (F ig u re  2). T he 
p eak s  a t 1776 cm ' 1 ( C = 0  an h y d rid e ), an d  at 1714 c m ' 1 ( C = 0  a n h y d rid e  and
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c a rb am a te ) co n firm  th e  s tru c tu re  o f  4 (S ch em e  2). N e w  p eak s  a t 2 8 0 0 -3 1 0 0  cm ’ 1 

fo r KC -H  ap p e a re d  s ig n if ic a n tly  im p ly in g  th e  su ccessfu l a d d itio n  o f  th e  h y d ro p h o b ic  
chain . *H -N M R  a lso  co n firm s  th e  in tro d u c tio n  o f  h e x y l ch a in s  o n to  3 as 
ch a ra c te riz e d  b y  p e a k s  a t 0 . 8  p p m  (m eth y l p ro to n ), 1 . 2  p p m  (m e th y len e  p ro to n ), and  
a  d im in ish e d  p e a k  a t  7 .0  p p m  ( im id azo le  p ro to n ). T h is  su g g ests  th a t ร u b s titu tio n  
o n to  3 is  a lm o st co m p le te . H o w ev er, d u rin g  the  su b s titu tio n  o f  h ex y l am ine, 
m o is tu re  lik e ly  c o m p e te d  fo r re ac tio n  w ith  th e  reac tiv e  spacer, as a  re su lt, the  
su b s titu tio n  w as n o t 100% . T h is  m ig h t b e  one  rea so n  th a t th e  su b s titu tio n  o f  
n -h ex y lam in e  w as a ro u n d  73 % , as d e te rm in ed  from  C /N  ra tio .

C o n s id e r in g  th e  s tru c tu re  o f  4 , it can  b e  h y p o th e s iz e d  th a t the  
h y d ro p h o b ic ity  m ig h t re la te  to  th e  N -p h th a lo y l g roup  an d  th e  h ex y l ch a in s  in  each  
ch ito sa n  u n it. H o w ev er, th e  d ep ro tec tio n  o f  th e  N -p h th a lo y l g ro u p  to  o b ta in  am ino  
g ro u p  co u ld  b r in g  a  h y d ro p h ilic  s ite  b ack  to  ch ito san  as sh o w n  in  5. T h e  re m o v a l o f  
N -p h th a lo y l g ro u p  b y  h y d ra z in e  m a y  o c c u r at b o th  p h th a lim id e  an d  c a rb a m a te  b o nds. 
T h u s, w e  faced  an  im p o rta n t p o in t o f  co n tro llin g  th e  rem o v a l o f  th e  p h th a lim id o  
g roup . T h e  o p tim u m  co n d itio n s  fo r re m o v in g  p h th a lo y l g ro u p  w e re  d e te rm in ed . 
In th e  p re se n t w o rk , th e  reac tio n  w as c a rried  o u t h o m o g e n e o u s ly  in  D M F  a t 1 0 0 °c  
u n d e r n itro g e n  fo r 1 h  to  se lec tiv e ly  d ep ro tec t th e  p h th a lim id o  g roup .

T h e  F T -IR  o f  5 (F ig u re  2) sh o w s th e  p eak  at 721 c m ' 1 (p h en y l r in g ) h as  
a lm o st d isa p p e a re d , w h ile  th e  p eak  at 1150 c m ' 1 (am in o  g ro u p ) ap p ea rs , in  ad d itio n , 
th e  p e a k s  at 2 8 0 0 -3 1 0 0  c m ' 1 (m e th y len e  g ro u p s) still ex ist. It sh o u ld  b e  n o te d  th a t 
h y d ra z in e  can  reac t a t e ith e r th e  p h th a lim id e  b o n d  to  g iv e  an  am in o  g ro u p  a n d /o r  at 
th e  h e x y l c a rb a m a te  b o n d  to  g iv e  a  c a rb a m a te  am in o  g ro u p  as sh o w n  in  S ch em e  2. 
I f  b o th  ca se s , 5 sh o u ld  rev ea l a  u re th an e  p eak . H ere , th e  p ro d u c t su g g e s ts  th a t 5 
re ta in s  th e  c a rb a m a te  b o n d  a t 1714 c m ' 1 w h ic h  m ig h t b e  re la te d  to  u re th a n e  hex y l 
g roup  ( -O C O N H (C H 2 ) 5 C H 3) an d /o r u re th an e  am ino  g ro u p  ( -O C O N H N H 2 ). 
‘H -N M R  s tro n g ly  re v e a le d  th e  ex is ten ce  o f  u re th an e  h ex y l g roup  as id e n tif ie d  from  
th e  p e a k s  at 0 .8  p p m  (m e th y l p ro to n ) and  1.2 p p m  (m e th y len e  p ro to n ). T h is  im p lies  
tha t th e  ad d ed  h ex y l g ro u p  w as n o t re m o v e d  b y  h y d raz in e . T h e  1 H -N M R  d ata  
su g g est th a t in c o m p le te  d ep ro tec tio n  o ccu rred  sin ce  th e  a ro m atic  p h th a lim id o  p eak s 
at 7 .4  p p m  still rem a in ed . T h e  C /N  ra tio  from  e lem en ta l ana lysis  in d ica ted



32

d e p ro te c tio n  w as 82 %  effec tive .
It is im p o rta n t to  c la r ify  th e  rea so n  w h y  d e p ro te c tio n  o f  th e  p h th a lim id e  w as 

th e  p r im a ry  re a c tio n  ra th e r  th an  red u c tio n  o f  th e  h ex y l c a rb am ate . T h e  se lec tiv e  
d e p ro te c tio n  at p h th a lim id e  m ig h t b e  d u e  to  th e  fact th a t th e  p h th a lim id o  g roup  
im p ed es  c h ito sa n  ch a in  p ack in g . It m ig h t a lso  b e  re la te d  to  th e  h ig h  d eg ree  o f  
su b s titu tio n  o f  th e  h e x y l g ro u p s  in  th e  p re v io u s  step , s in ce  th e  e ffec tiv e  reac tio n  
o ccu rred  o w in g  to  re d u c e d  in te rm o le c u la r  h y d ro g en  b o n d in g  v ia  y -ray  irrad ia tio n . 
T h u s, a  n u m b e r o f  h e x y l ch a in s  p ack  c lo se s  to g e th e r an d  h y d ra z in e  w a s  u n ab le  to  
p e n e tra te  th is  h y d ro p h o b ic  en v iro n m en t to  e ffec t re ac tio n  in  g o o d  y ie ld . In  an o th e r 
w o rd s , th e  re a c tio n  o f  h y d ra z in e  at th e  p h th a lim id o  g roup  w a s  ea sy  re la tiv e  to  at th e  
h ex y l g ro u p . T h is  le ad s  to  th e  se lec tiv e  su b s titu tio n  o f  h ex y l ch a in s  at h y d ro x y l 
g ro u p s  an d  th e  re m a in in g  sp ec ific  am ino  g ro u p s on  th e  c h ito sa n  chain .

Performance of y-Ray Irradiated Chitosan with a Hexyl Chain at Hydroxyl 
Groups

A s am in o  g ro u p  at C -2  is  m o re  reac tiv e  th an  th e  h y d ro x y l g ro u p s  a t C - 6  and  
C -3 , th e  se le c tiv e  re a c tio n  at th e  h y d ro x y ls  a ch iev ed  h e re  is  v e ry  im p o rta n t and  
u n iq u e . It is ex p e c te d  th a t th e  final p ro d u c t w ill sh o w  th e  o v e ra ll p e rfo rm a n c e  o f  
c h ito sa n  b u t  พ ith  h ig h  h y d ro p h o b ic ity . In  th i s  s te p , w e  fo c u s e d  o n  t h e  so lu b il i ty  
a n d /o r  sw e llin g  a b ility  o f  ch ito san  in  v a rio u s  o rg an ic  so lv en ts  as su m m a riz e d  in  
T ab le  2. T h eo re tica lly , th e  so lu b ility  c h a rac te ris tic s  o f  co m p o u n d s  d e p e n d  m a in ly  
on  th e ir  p o la r ity  an d  in  p a r tic u la r  on  th e ir  h y d ro g en  b o n d in g  ab ility . 3 4  C o m p le te  
d is so lu tio n  can  b e  ex p ec ted  w h en  th e  so lu b ility  p a ra m e te rs  an d  th e  d e g re e  o f  
h y d ro g e n  b o n d in g  are  s im ila r  b e tw e e n  th e  tw o  co m p o n en ts , i.e ., so lu te  an d  so lv e n t35. 
H ere , th e  fina l p ro d u c t w ill d isso lv e  e a s ily  in  o rgan ic  so lv en ts  w ith  a  so lu b ility  
p a ra m e te r  (Ô) 12.0-12 .1  (ca l/cm 3) 1/2, i.e ., D M F  an d  D M S O . T h e  e ffec tiv e  
in tro d u c tio n  o f  a  h y d ro p h o b ic  g roup  in  5 leads to  th e  re d u c tio n  o f  in te rm o le c u la r  
fo rces, an d  th e  d e s tru c tio n  o f  th e  tig h t p a c k in g  o f  th e  r ig id  p o ly sacch a rid e  m o lecu les .
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Conclusion
y -R a y  ir ra d ia tio n  is a  v e ry  p rac tic a l p a th w a y  fo r d e c re a s in g  th e  m o le c u la r  

w e ig h t o f  ch ito san . A t ce rta in  d o ses  o f  y -rays, m o le c u la r  w e ig h ts  can  b e  red u ced  
w ith  o n ly  s lig h t ch an g es  in  s tru c tu re . T h e  rea c tiv ity  o f  y -ray  irra d ia te d  ch ito sa n  w as 
en h a n c e d  as c la rif ied  b y  th e  m o d e l re ac tio n  w ith  c a rb o n y ld iim id azo le . H ig h  y ie ld  
fu n c tio n a liz a tio n  o f  h ex y l c h a in s  on to  ch ito sa n  w as su ccessfu l d u e  to  so lu b iliza tio n . 
T h e  d e p ro te c tio n  o f  a  p h th a lim id e  g roup  at C -2  o c c u rre d  se le c tiv e ly  to  g iv e  an 
a m in o sa c c h a rid e  w ith  a  h y d ro p h o b ic  ch a in  o n  th e  h y d ro x y l g ro u p s  a t C - 6  a n d /o r C -3.

In  re la te d  w o rk , w e  are  s tu d y in g  th e  ap p lica tio n s  o f  th e  re su ltin g  ch ito san  
b a sed  o n  th e  u se  o f  am in o  g roup  a t C -2  an d  h y d ro p h o b ic  c h a in s  a tta c h e d  at C - 6  

a n d /o r C -3  fo r c o n tro lle d  re lea se  sy stem s fo r d ru g s/p estic id es .
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Chart Caption

Chart 1. C h em ica l S tru c tu re  o f  C h itin -C h ito sa n  C o p o ly m er
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Chart 1. (Y oksan  e t al.)
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Scheme Caption

Scheme 1. P re p a ra tio n  o f  y -R ay  Irrad ia ted  C h ito san  D e riv a tiv e s ;
N -P h th a lo y l y -R ay  Irrad ia ted  C h ito san  (2), N -P h th a lo y l y -R ay  Irrad ia ted  
C h ito sa n -C D I (3), N -P h th a lo y l y -R ay  Irrad ia ted  C h ito san -C D I-(n -h ex y lam in e ) (4), 
and  y -R ay  Irrad ia ted  C h ito san -C D I-(n -h ex y lam in e ) (5)
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Figure Captions

Figure 1. Molecular weight of y-ray irradiated chitosan in solid state as a function 
of dose.
Figure 2. FT-ER spectra of compounds 1- 5.
Figure 3. u v  absorbance at 293 nm of y-ray irradiated chitosan as a function of 
dose.
Figure 4. X-ray difftactograms of compounds 1-3.
Figure 5. Deacetylation degree of chitosan as a function of dose determined by (a) 
indirect method integral ratios of amide I band (1655 cm'1) and hydroxy band (3450 
cm'1) and direct methods (b) ’H-NMR and (c) acid hydrolysis-HPLC.
Figure 6. Comparison of FT-IR spectra of (a) chitosan starting material (81.8% 
deacetylation), (b) unirradiated chitosan-CDI, and (c) y-ray irradiated chitosan (with 
dose 26.43 kGy)-CDI.
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Figure 1. (Yoksan et al.)
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W avenum ber / cm '1

Figure 2. (Yoksan et al.)
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Dose / kGy

Figure 3. (Yoksan et al.)
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Figure 4. (Yoksan et al.)
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Figure 5. (Yoksan et al.)
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Figure 6. (Yoksan et al.)
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Table Captions

Table 1. 13c  CP/MAS NMR Chemical Shifts of Compounds 1- 3.
Table 2. Solubility of Compounds 2- 5.
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chemical shift (ppm)
type of carbon chitosan 1 2 3a

c -l 105.3 104.3 100.4 100.5
C-2 57.7 57.7 57.0 57.3
C-3 75.6 75.6 73.2 73.8s 

72.lw
C-4 83.4 82.6 80.5 79.6
C-5 75.6 75.6 73.2 73.8
C-6 61.2 61.0 64.6 64.6s 

62.Ow
c h 3 23.8 23.6 23.3 23.5

c= 0  (acetamide) 174.1 174.2 169.1 169.2
benzene ring - - 1311 131.1

imidazole - - - 124.2
134.7

ร, strong peak; พ, weak peak.

Table 1. (Yoksan et al.)
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Solubility (mg/mL)
solvent 2 3 4 5
DMF a 2.25 a a

DMSO a 2.71 2.01 a

DMAc a 2.85 a 24.58b
Pyridine a 1.93 a 10.88b
Toluene 0.07 0.21 0.17° 0.01c
Benzene 0.17 0.12 0.16C 0.17°
Xylene 0.02c 0.05 0.12C 0.04c
Hexane 0.05 0.21 0.05c 0.05°
EtOAc 0.20c 0.25 0.32d 0.04d
MEK 0.03c 0.31 0.01d 0.01d
THF 0.21 0.07c 0.15d 0.03d

Butanol 0.07° 0.41 0.43d 0.05d
aSolubility for higher than 20 mg/mL. bGel. 'Partially swelled.
dObviously swelled.

Table 2. (Yoksan et al.)
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