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ABSTRACT 14 

Chitin derivatives having a normal acyl group (side-chain carbon number, N = 2–6) at different 15 

degrees of substitution (DS) were synthesized by a homogenous reaction of crab shell chitin with 16 

various acyl chlorides in N,N-dimethylacetamide-LiCl solution.  NMR analysis quantitatively 17 

demonstrated the acylations not only for C3/C6 hydroxy protons but also for C2 amino proton(s).  18 

Solution cast blend films of the acyl chitin products with poly(ε-caprolactone) (PCL) were provided 19 

for the miscibility characterization by differential scanning calorimetry.  The critical total-DS 20 

required for attaining a miscibility of the blending polymer pair decreased with an increase in N.  21 

The degree of miscibility was enhanced definitely with an increase in ester-DS, but it made less 22 

correlation with amide-DS.  In analogy with cellulose ester/PCL blend systems, a structural 23 

affinity of the ester side-group of the chitinous component considered with a repeating unit of PCL 24 

may be a crucial factor for the miscibility attainment.   25 

 26 

Key words: acyl chitin; degree of substitution; poly(ε-caprolactone); polymer blend; miscibility 27 
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1. Introduction 29 

 30 

   Chitin, which is supplied in abundance by marine crustaceans, is a representative of a naturally 31 

occurring polysaccharide derived from animal sources.  It is structurally similar to cellulose and 32 

can be regarded as cellulose with the hydroxyl group at position C2 replaced by an acetylamino 33 

group.  However, the difference in property between chitin and cellulose arises due to the presence 34 

of amino groups in the former, which is advantageous in that it can provide distinctive biological 35 

functions, for example, bioassimilability and antibacteriality.  Therefore, chitin has a large 36 

potential for developing as specially functionalized materials in medical, pharmaceutical, food, and 37 

textile industries. 38 

   Chitin has a highly ordered structure because of intra- and intermolecular hydrogen bondings.  39 

Its rigid crystalline structure with multiple hydrogen bonds causes serious problems based on its 40 

poor solubility and thermal-moldability.  To improve the processibility for subsequent applications, 41 

acylation has been extensively studied as a modification reaction, where carboxylic acids (Teramoto 42 

et al., 2006; Yang et al., 2009), acid anhydrides (Hirano & Ohe, 1975; Kurita et al., 1977; Nishi et 43 

al., 1979; Shoruigin & Hait, 1935), and acyl chlorides (Fujii et al., 1980; Kaifu et al., 1981; Kurita 44 

et al., 1988) have been used as attacking reagents.  However, it is still not so easy to thermally 45 

mold the product (Acyl-Ch) alone, because the glass transition temperature and melting or flowing 46 

point are fairly high; marked thermal decomposition can be a serious problem.  In order to alter the 47 

thermal properties of Acyl-Ch, the utilization of plasticizer is an effective method.  If we adopt 48 

flexible polymers as plasticizer, we can avoid possible problems in the use of low molecular weight 49 

plasticizers, such as fume generation in the molding process and bleeding out in long-term 50 

applications. 51 

   As is well established, polymer/polymer blending is an important method to modify the original 52 

physical properties of one or both of the components, or to obtain new polymeric materials having 53 

wide-ranging properties.  Blend works of chitinous polymers including deacetylated product 54 
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(chitosan) have been facilitated (Honma et al., 2003; Ko et al., 1997; Kubota et al., 1998; Lee et al., 55 

1996; Miyashita et al., 1995, 1996, 1997a, b; Nishio et al., 1999) and the number of examples is still 56 

increasing.  Among them, chitinous blends with water-soluble or hydrophilic synthetic polymers 57 

(Aoi et al., 1995; Kubota et al., 1998; Lee et al., 1996; Miyashita et al., 1995, 1996; Nishio et al., 58 

1999) may be of importance from a standpoint of application as biomedical materials.   59 

   Meanwhile, aliphatic polyesters, which provide good biocompatibility and environmental 60 

degradability, have also attracted considerable interest as candidate materials for a blending partner 61 

of chitinous (Honma et al., 2003; Ikejima & Inoue, 2000; Ikejima et al., 1999; Mi et al., 2002; Mi et 62 

al., 2003; Sarasam & Madihally, 2005; Senda et al., 2002; Wan et al., 2008) and other biomass 63 

polymers (Kusumi et al., 2008; Nishio et al., 1997; Teramoto et al., 2009).  Several preparation 64 

methods of chitinous blends with aliphatic polyesters proved to be a potential route leading to 65 

biomaterials applicable for tissue engineering (Sarasam & Madihally, 2005; Wan et al., 2008) and 66 

drug delivery systems (Mi et al., 2002, 2003); these studies were based on the control of the 67 

inter-component morphology on the micrometer scale, however.  Generally, it seems more difficult 68 

to obtain intimate mixtures of chitinous polymers and aliphatic polyesters on the scale of a few 69 

nanometers, which can be judged to be thermodynamically miscible in the amorphous fraction of 70 

the mixture.    71 

   In the present study, a representative aliphatic polyester, poly(ε-caprolactone) (PCL), was 72 

chosen as a counterpart for Acyl-Ch blends.  In contrast to chitinous polymers, PCL is easily 73 

heat-moldable due to a rather low melting temperature (~60 ºC); therefore this is an eligible partner 74 

for blending.  Acyl-Ch derivatives having various normal acyl side groups (-COCnH2n+1; 75 

side-chain carbon number, N = n + 1 = 2–6), i.e., acetate (Ac-Ch), propionate (Pr-Ch), butyrate 76 

(Bu-Ch), valerate (Va-Ch), and caproate (Ca-Ch), were synthesized by a homogeneous reaction of 77 

crab shell chitin with different acyl chlorides in N,N-dimethylacetamide (DMAc)-LiCl solution.  78 

Formerly, one of the authors (Y. N.) has prepared several cellulose ester (CE) derivatives and 79 

investigated an effect of the side-chain length on the blend miscibility with PCL (Kusumi et al., 80 
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2008; Nishio et al., 1997).  It was reported that cellulose butyrate (CB) and valerate (CV) 81 

exhibited the highest miscibility.  In that case, a dipole-dipole interaction between the carbonyl of 82 

PCL and that in the side groups of CB and CV appeared to be an important factor for the miscibility.  83 

A possibility of further contribution of a structural similarity was also pointed out; because CB and 84 

CV have the same structural unit as that of PCL, if the carbon atoms in a glucopyranose unit are 85 

taken into account.  A main objective of the present study is to clarify the relationship between the 86 

ability of Acyl-Ch to form a miscible blend with PCL and the side-chain structure in terms of 87 

side-chain length (N) and degree of substitution (DS), through observations of the thermal behavior 88 

for the binary polymer mixtures.  We also intend to compare the extent of blend miscibility 89 

between Acyl-Ch/PCL and CE/PCL systems, possibly, both of them being a 90 

biodegradation-controllable material of great promise based on a difference in the degradation 91 

behavior between the constituents (Kusumi et al., in press; Teramoto & Nishio, 2004).    92 

 93 

 94 

2. Experimental section 95 

 96 

2.1 Materials 97 

 98 

   An original material of chitin isolated from crab shells (Fluka 22720 Chitin Lot & Filling code: 99 

405226/1 12900) was purified by treatment with aqueous hydrochloric acid and sodium hydroxide 100 

solutions according to a Hackman’s method (Hackman, 1954).  The nominal molecular weight of 101 

the chitin material is 400,000.  The degree of deacetylation (DD) of the purified chitin (p-Ch) was 102 

5.0 %, determined by infrared spectroscopy (Sannan et al., 1978).  The viscosity average 103 

molecular weight (Mv) was evaluated for a deacetylated product of the p-Ch, treated with 50 wt% 104 

aqueous NaOH at 95±5 ºC, by measuring the intrinsic viscosity ([η]) in a solvent of 0.1:4.0:0.2 M 105 

NaCl/urea/acetic acid (Tokura, 1991); where the Mark-Houwink Sakurada equation, [η] = KMv
α, 106 
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was used with K = 8.93 × 10−4 dL/g and α = 0.71.  The corresponding viscosity average degree of 107 

polymerization (DP) was determined to be 380 for the p-Ch. 108 

   PCL with a nominal weight average molecular weight of 15,000 was purchased from Scientific 109 

Polymer Products, Inc., and it was used after purification by dissolution in tetrahydrofurane (THF; 110 

Wako Pure Chemical Industries, Ltd.) and reprecipitation into distilled water. Reagent-grade DMAc, 111 

N,N-dimethylformamide (DMF), and dimethyl sulfoxide (DMSO) were purchased from Nacalai 112 

Tesque, Inc. and stored over molecular sieves 4A before use.  Lithium chloride (LiCl) was 113 

purchased from Nacalai Tesque, Inc., Japan and dried at 120 ºC for 12 h in a vacuum oven.  114 

Triethylamine (TEA), propionyl chloride, n-butyryl chloride, n-valeryl chloride, and n-caproyl 115 

chloride were obtained from Aldrich or Wako Pure Chemical Industries, Ltd. and used without 116 

further purification.  Other solvents were all guaranteed reagent-grade and used as received. 117 

 118 

2.2 Preparation of chitin solution 119 

 120 

   The p-Ch sample was first treated with water, methanol, and DMAc in succession by a solvent 121 

exchange technique (Miyashita et al., 1997a; Nishio et al., 1987).  The DMAc-wet chitin was then 122 

added to a solvent system DMAc-LiCl and stirred at room temperature for 5 days.  The solvent 123 

DMAc-LiCl was used at a salt concentration of 7 wt% with respect to DMAc.  The actual 124 

concentration of chitin in the clear solution was controlled at 0.5 wt%; this was determined 125 

precisely by weighing the solid film regenerated from a portion of the solution. 126 

 127 

2.3 Synthesis of Acyl-Ch derivatives 128 

 129 

   Acyl-Ch derivatives were synthesized with acid chloride/base catalyst from the chitin solution 130 

in a way similar to that used in previous studies for cellulose (Kusumi et al., 2008; Nishio et al., 131 

1997).  Taking an example of synthesis for Va-Ch, the typical procedure can be summarized as 132 
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follows.  A solution of 0.098 mol TEA (10 eq/glucopyranose unit) in DMAc (≈ 15 mL) was slowly 133 

added dropwise to 400 g of chitin solution (containing 2 g chitin).  After 30 min, a solution of 0.28 134 

mol n-valeryl chloride (28 eq/glucopyranose unit) in DMAc (≈ 36 mL) was added to the chitin 135 

solution.  The reactive solution system was stirred continuously at 50 ºC under a nitrogen 136 

atmosphere.  After reaction over a prescribed time period (6–48 h), the solution was added 137 

dropwise into a vigorously stirred, large excess amount of distilled water.  Then the product 138 

obtained as precipitate was filtered, dissolved in acetone, and reprecipitated in a large excess of 139 

distilled hexane, which was followed by standing with slow stirring and collection by filtration.  140 

Via further repetition of this purification procedure, the collected Va-Ch product was dried at 40 ºC 141 

in vacuo for three days.  142 

 143 

2.4 Preparation of Acyl-Ch/PCL blends 144 

 145 

   Acyl-Ch/PCL blends were cast in film form from mixed polymer solutions by solvent 146 

evaporation.  A 1.0 wt% solution of Acyl-Ch and that of PCL were prepared in DMF separately 147 

and mixed with each other in the desired proportion which ranged from 10/90 to 95/5 in a weight 148 

percent ratio of Acyl-Ch:PCL.  After stirring at room temperature for 24 h, each mixed solution 149 

(transparent) was poured into a Teflon tray and a film sheet was made by evaporating DMF at 50 ºC 150 

under reduced pressure (<10 mmHg).  The as-cast samples were washed with distilled water and 151 

dried at 40 ºC in vacuo for 3 days. 152 

 153 

2.5 Measurements 154 

 155 

   Gel permeation chromatography (GPC) was carried out with a Tosoh HLC-8220 GPC apparatus.  156 

The measuring conditions were as follows: column, two Tosoh TSK Super HZM-H columns 157 

connected with each other; flow rate, 0.25 mL/min; temperature 40 ºC; eluent, THF; standard, 158 



 8 

monodipersed polystyrene. 159 

   1H NMR spectra were measured at 25 ºC for purified Acyl-Ch derivatives by using a Varian 160 

INOVA300 apparatus.  The solvent was CDCl3, pyridine-d5 or CF3COOD and the concentration 161 

was 10 mg/mL.  Tetramethylsilane was employed as an internal standard.  128 scans were 162 

conducted.   163 

   FT-IR spectra were measured with a Shimadzu FT-IR 8600C apparatus.  All the measurements 164 

were carried out at 25 ºC.  Samples were dried at 80 ºC in vacuo for 24 h and a standard KBr pellet 165 

method was employed for all the measurements.   166 

   Differential scanning calorimetry (DSC) was carried out with a Seiko DSC6200/EXSTAR6000 167 

apparatus.  The temperature proof-readings were calibrated with an indium standard.  The 168 

calorimetry measurements were made on ca. 5-mg samples at a scanning rate of 20 ºC/min under a 169 

nitrogen atmosphere.  The samples were first heated to 200 ºC and immediately quenched to −140 170 

ºC.  In this first cycle, the thermal histories of the respective samples were equalized completely.  171 

Then the second scans were run from −140 ºC to 200 ºC to record stable thermograms.  The glass 172 

transition temperature (Tg) was determined from the midpoint of the discontinuity in heat flow.  173 

 174 

 175 

3. Results and discussion 176 

 177 

Characterization of Acyl-Ch derivatives 178 

 179 

   The degree of total acyl substitution (total-DS) of each of the Acyl-Ch products was determined 180 

by 1H NMR measurements.  Figure 1 demonstrates a 1H NMR spectrum obtained for a Bu-Ch 181 

sample.  In the spectrum, the intensity of the methyl-group proton signals (δ 0.8–1.1 ppm) of acyl 182 

moiety was compared with that of the signals (δ 3.1–5.8 ppm) from the chitinous backbone protons 183 

located in the anhydroglucosamine unit.  We designated a resonance peak area derived from the 184 
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methyl protons of acyl groups as [A], and an area of the resonance signals from the protons of 185 

glucopyranose as [B].  Then, for Ac-Ch, Pr-Ch, Bu-Ch, Va-Ch, and Ca-Ch, the respective total-DS 186 

values were calculated by 187 

 total-DS = ([A] / 3) / ([B] / 7) 188 

Hereafter, Acyl-Ch of total-DS = x is encoded as Acylx-Ch. 189 

   In the present acylation system, for detailed molecular characterization, we should take into 190 

consideration the reaction of acyl chlorides not only with protons in the hydroxyl groups but also 191 

with C2-NH2 and C2-NHCOR of chitin (DD = 5 % for p-Ch).  This is supported by FT-IR 192 

spectroscopy qualitatively.  Figure 2 displays FT-IR spectra of p-Ch and selected Bu-Ch samples.  193 

As can be seen from the spectral data, no absorption was present in the spectral region associated 194 

with NH2 (1625 cm−1) after the acylation.  Instead, for the Bu-Chs, a remarkable development in 195 

absorption was observed in 1750 cm−1 (ester C=O).  With an increase in total-DS (≥2.50 in Fig. 2), 196 

the amide I band (1660 cm−1, C=O of NHCOR) shifted to the side of higher frequency, implying the 197 

suppression of the intramolecular hydrogen bondings of the C=O with O6H and/or N-H (Focher et 198 

al., 1992; Pearson et al., 1960).  Further increasing total-DS gave rise to a suppression in the amide 199 

I band, while a new absorption at 1710 cm−1 (C=O of N(COR)2) was present and it became 200 

prominent with increasing total-DS.  This observation indicates the occurrence of N-acylation of 201 

the acetamide and/or N,N-diacyl substitution on the glucosamine residue.  Similar N,N-diacyl 202 

substitution was reported previously for the acylation of chitosan with acyl chloride in refluxed 203 

pyridine and chloroform (Fujii et al., 1980).   204 

   Detailed quantitative molecular characterization for Acyl-Ch samples can be conducted by 1H 205 

NMR.  A series of the spectra exhibited signals of the protons of acetamide methyl (1.8 ppm) and 206 

amide N-H (6.1 ppm), other than those of the acyl methyl and chitinous backbone discussed above 207 

for the estimation of total-DS.  Since there is no NH2 moiety in the chitin derivatives after the 208 

acylation as has been shown in the FT-IR measurements (Fig. 2), the 1H NMR data were used for 209 

the determination of amide-DS, ester-DS, and DD, where amide-DS and ester-DS denote the 210 
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average number of acyl substitution associated with C2-NH2/C2-NHCOR and C3-OH/C6-OH, 211 

respectively, per glucosamine residue of chitin.  In Fig. 1, we designate a peak area of the 212 

resonance of the acetamide methyl protons as [C] and an area of the resonance signal from the 213 

amide N-H proton as [D].  Then, the values of DD, amide-DS, and ester-DS are able to be 214 

determined by following equations, respectively: 215 

 DD = (1 − ([C] / 3) / ([B] / 7)) × 100 (%) 216 

 amide-DS = total-DS − ([C] / 3 + [D]) 217 

 ester-DS = total-DS − amide-DS 218 

   Table 1 tabulates the four parameters evaluated for the Acyl-Ch products prepared in this study.  219 

In a general trend, Acyl-Ch samples with higher total-DS incorporated higher ester-DS.  220 

Amide-DS was estimated to be >1 for most of the Acyl-Ch products, reflecting the replacement of 221 

N-acetate with another acyl group for these samples.  Eventually, DD values were determined to 222 

be 10–80 %, raised noticeably from an initial value 5 % for p-Ch.       223 

   The series of Acyl-Ch was found to have improved solubility in conventional solvents, 224 

compared with chitin.  As listed in Table 1, Acyl-Ch derivatives with higher DS and longer side 225 

chains showed better solubility in ordinary organic solvents.  Particularly, Pr-Ch, Bu-Ch, Va-Ch, 226 

and Ca-Ch with higher total-DSs (3.06–3.77, 2.50–3.33, 2.32–3.09, and 2.64–2.94, respectively) 227 

were soluble in MeOH, differing from the corresponding CE samples with similar acyl DSs. 228 

   Values of the weight-average molecular weight (and the corresponding weight average DP) of 229 

representative Acyl-Ch samples were determined by GPC, as follows: 8.81 × 104 (210), 12.8 × 104 230 

(267), 12.4 × 104 (244), and 12.3 × 104 (225), for Pr3.16-Ch, Bu3.33-Ch, Va3.48-Ch, and Ca3.42-Ch, 231 

respectively.  Taking into consideration a viscosity average DP (380) of p-Ch, the DP of the 232 

Acyl-Ch products tended to slightly decrease, indicating some extent of scission of the chitinous 233 

backbone chain in the acylation reaction.  The molecular weight distributions for the above four 234 

products were 2.89 (Pr3.16-Ch), 2.51 (Bu3.33-Ch), 1.94 (Va3.48-Ch), and 2.25 (Ca3.42-Ch).   235 

 236 
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Miscibility characterization of Acyl-Ch/PCL blends 237 

 238 

   Binary blend films of Acyl-Ch products with PCL were prepared in a wide range of 239 

compositions by solution casting from DMF solution.  Thus obtained blend films were visually 240 

homogeneous, but the transparency decreased with an increase in PCL content.  Higher 241 

transparency was usually observed for the blends of Acyl-Ch samples of higher total-DSs.   242 

   Polymer-polymer miscibility is commonly estimated by the determination of the glass transition 243 

temperature (Tg) of the blends.  If any blend of a binary polymer system exhibits a single glass 244 

transition between the Tg values of both components and a composition-dependent shift in Tg of the 245 

blend is observed, then the system can be regarded as a highly miscible one on the Tg-detection 246 

scale that is usually assumed to be less than a couple of tens of nanometers (Kaplan, 1976; Nishio, 247 

1994; Utracki, 1990).  If one component is crystalline, observation of a regression in the 248 

development of crystallinity of the crystallizable component (PCL in the present study), caused by 249 

addition of the second component (i.e. Acyl-Ch), is a common feature which is shared with other 250 

crystalline/amorphous polymer pairs that are capable of forming a miscible phase in their blends 251 

(Imken et al., 1976; Nishi & Wang, 1975). 252 

   In this work, the respective blend systems were classified into immiscible, partially miscible, 253 

and miscible ones from their DSC measurements from the viewpoints of Tg-shift and crystallinity 254 

regression.  The PCL homopolymer gave a Tg signal centering −61.0 ºC and besides a sharp 255 

melting endotherm with a peak maximum (Tm) at 55.2 ºC.  The other component Acyl-Ch 256 

derivatives were almost amorphous and no melting signal was observed in the present thermal 257 

scanning.  As listed in Table 1, a sharp depression of the Tg of chitin (> 200 ºC) to the lower 258 

temperature side was observed along with the increase in total-DS as well as in N.  However, no 259 

glass transition was observed for several samples of lower DSs, in which the acylation was 260 

insufficient for internal plasticization of the carbohydrate backbone.   261 

   Figure 3a shows DSC thermograms obtained for Pr2.76-Ch /PCL blends.  It is judged that the 262 
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blending polymer pair is poorly miscible, from observation of the less-significant shift in Tg for 263 

both components.  In particular, the compositions of 20/80–90/10 showed two independent glass 264 

transitions.  In addition, the melting endotherm of PCL was observable for every composition with 265 

the peak area reducing in direct proportion to the PCL content.  Thus, the thermal properties of the 266 

respective polymer components were never affected by the presence of the other component in the 267 

Pr2.76-Ch/PCL blends.   268 

   On the other hand, Va2.86-Ch indicated somewhat better miscibility with PCL.  As shown in Fig. 269 

3b, a series of Va2.86-Ch/PCL blends gave rise to an appreciable degree of elevation in the PCL Tg.  270 

A similar shift in Tg was observed for the Acyl-Ch component at compositions of 95/5–70/30.  271 

Furthermore, a cold-crystallization phenomenon took place after onset of the glass transition of the 272 

blend on heating for the compositions of 20/80–60/40, reflecting a relatively slow kinetics of 273 

crystallization of the PCL component from the molten mixtures with Va2.86-Ch.  It should also be 274 

noted that the PCL crystallinity almost vanished when the Va2.86-Ch content reached 90 wt%.  275 

These results supports that the polymer pair may be miscible at a certain level in the non-crystalline 276 

state of the mixture.  Therefore, this type of blend system was judged to be partially miscible. 277 

   Figure 3c demonstrates an example of a miscible pair.  Highly butyrated Bu3.08-Ch can be 278 

taken as miscible with PCL in the amorphous mixing state, since a single Tg was detected and 279 

varied between the Tg values of the two constituent polymers, depending on the blend composition.  280 

The crystallinity of the PCL component disappeared completely when the Bu3.08-Ch content 281 

increased to 85 wt%.  Several other systems composed of a highly substituted Acyl-Ch/PCL pair 282 

provided similar thermogram data and they were determined to be miscible.  In more careful 283 

inspection, however, the Tg shift was prominent only at compositions rich in Acyl-Ch (> 80 wt%).  284 

In addition, in such miscible Acyl-Ch/PCL systems, the crystallization habit of PCL remained 285 

clearly even at 80/20 composition.  Contrary to this, in the previous CE/PCL series judged as 286 

miscible, the PCL crystallinity was no longer detectable at compositions containing > 60 wt% CE 287 

and the blend Tg shifted more conspicuously and smoothly in the composition range of 100/0–60/40 288 
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(Kusumi et al., 2008).  These observations imply that the highly substituted Acyl-Chs generally 289 

show a somewhat lower degree of miscibility with PCL, in comparison with the previously used 290 

CEs. 291 

 292 

Insight into factors for miscibility attainment and comparison with cellulosic systems 293 

 294 

   Figure 4 summarizes the result of the miscibility estimation for Acyl-Ch blends with PCL as a 295 

function of the number N of carbons in the normal acyl substituent as well as of the substitution 296 

parameters, total DS, ester DS, and amide DS.  For comparison, the corresponding result for CE 297 

blends with PCL is shown in Fig. 5, compiling the previous data (Kusumi et al., 2008; Nishio et al., 298 

1997) and a complementary one for cellulose caproate (DS = 2.79 for N = 6) which was prepared 299 

especially for the present study.  Ac-Ch (N = 2) was immiscible with PCL even in the highly 300 

acetylated state of DS ≈ 3.8, as in the situation with cellulose acetate (Higeshiro et al., 2009; Nishio 301 

et al., 1997).  Other Acyl-Ch products, Pr-Ch (N = 3), Bu-Ch (N = 4), Va-Ch (N = 5), and Ca-Ch 302 

(N = 6) showed miscibility with PCL when totally high-substituted grades of them were used.  A 303 

critical total-DS value for the miscibility attainment, total-DScr, decreased with an increase in N.  304 

However, for the blend series of Acyl-Ch of N = 3–6, total-DScr value was generally higher than the 305 

critical (ester-)DS for the corresponding CE/PCL system.  It should also be recalled that the series 306 

of miscible Acyl-Ch/PCL combinations generally showed a lower degree of miscibility with PCL, 307 

in comparison with the miscible CE blends, as deduced already from the inspection of Tg shift and 308 

PCL-crystallinity regression.  Such a lower degree of the miscibility can be attributed partly to a 309 

steric hindrance of the bulky planar acetamide structure on the chitinous backbone, to the 310 

accessibility of oxycaproyl segments of the PCL component.  For the miscible CE/PCL blends, we 311 

inferred a possible contribution of dipole-dipole interaction between the carbonyl of PCL and that in 312 

the side groups of CE (Kusumi et al., 2008); in the Acyl-Ch/PCL systems, however, similar 313 

contribution would be suppressed by the steric hindrance mentioned above.   314 



 14 

   It was also reported for the CE/PCL system that a structural affinity of the ester side-group of 315 

the cellulosic component considered with a repeating unit of PCL may be a crucial factor for 316 

miscibility attainment (Kusumi et al., 2008; Nishio et al., 1997).  Namely, as shown in Fig. 6, for 317 

instance, the butyryl side-group is structurally identical with the repeating unit of PCL, if the 318 

carbons in the glucopyranose ring are taken into account.  For the present Acyl-Ch series, however, 319 

the N-acyl substitution at C2 position can not contribute to the improvement of such an affinity, 320 

although the esterification at C3/C6 positions can do.  Therefore, higher total-DScr values would 321 

be required for the miscibility attainment.  Actually, the miscibility increased with an increase in 322 

ester-DS (Fig. 4b), but there is less correlation between the miscibility and amide-DS (Fig. 4c).   323 

   Any of CEs with N = 3–5 showed good miscibility with PCL at DSs of ≥ 2.2, and particularly 324 

butyrate of N = 4 did even at a comparatively low DS of 1.9 (Fig. 5).  However, cellulose caproate 325 

(N = 6) and enanthate (N = 7) having fairly longer side-chains were estimated to show a relatively 326 

lower degree of miscibility with PCL (Kusumi et al., 2008).  It was assumed, exceptionally, that 327 

these CEs would be able to aggregate to form a specific, mesomorphic ordered assembly, as was 328 

also suggested for some cellulose triester (Takada et al., 1994) and chitin 3,6-O-diester (Teramoto et 329 

al., 2006) derivatives having a longer acy substituent.  On the other hand, the N-dependence of the 330 

advent of miscibility for the Acyl-Ch blend systems differs from that for the CE systems, namely, 331 

the miscibility of the former systems increased with an increase in N so far as the side-chain lengths 332 

of ≤ 6.  In particular, Ca-Ch of N = 6 exhibited the lowest total-DScr, signifying the highest 333 

miscibility with PCL.  This may be because the caproyl side-chains virtually identical to the 334 

repeating unit of PCL can contribute to the enhancement of the miscibility even if it is introduced 335 

by “N-acylation”.   336 

   Further investigation of the side-chain length effect on the miscibility state may be made in 337 

terms of isothermal crystallization behavior of the PCL component in miscible Acyl-Ch/PCL blend 338 

systems.  The topic including crystallization kinetics and spherulitic morphology will be reported 339 

in no distant future. 340 
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 341 

 342 

Conclusions 343 

 344 

   We prepared chitin derivatives having various normal acyl groups (-OCOCnH2n+1; side-chain 345 

carbon number, N = n + 1 = 2–6) by homogeneous reaction of crab-shell chitin with different acyl 346 

chlorides in DMAc-LiCl solution.  The degrees of O- and N-acyl substitutions were separately 347 

evaluated by NMR analysis successfully.  It was thus shown that the acylating reaction took place 348 

not only to the protons in the C3/C6-hydroxyl groups but also to the protons in C2-NH2 and 349 

C2-NHCOR of the starting chitin (DD = 5 %).  The replacement of N-acetate with another acyl 350 

group also arose in these samples. 351 

   Subsequently, miscibility characterization was carried out for blends of Acyl-Ch products with 352 

PCL.  DSC thermal analysis demonstrated that the critical total-DS required for the miscibility 353 

attainment, total-DScr, decreased with an increase in side-chain carbon number N.  However, for 354 

the series of Acyl-Ch blends, the respective total-DScr values were higher than the critical 355 

(ester-)DS for the corresponding CE/PCL system.  It was also perceived that the miscibility found 356 

for several Acyl-Ch/PCL combinations was generally of a lower degree, in comparison with that for 357 

the CE/PCL blends. 358 

   In analogy with the CE/PCL systems, the structural affinity of the ester side-group of the 359 

chitinous component considered with a repeating unit of PCL may be a crucial factor.  However, 360 

the N-acyl substitution at C2 position seems not to contribute so greatly to the improvement of such 361 

an affinity.  In support of this, the blend miscibility of Acyl-Chs (N = 3–6) with PCL was enhanced 362 

with an increase in ester-DS, but there is less correlation between the miscibility and amide-DS. 363 

 364 

 365 
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Figure captions 483 

 484 

Fig. 1.  1H NMR spectrum of Bu2.86-Ch in CDCl3. 485 

 486 

Fig. 2.  FT-IR spectra of Bu-Ch and p-Ch. 487 

 488 

Fig. 3.  DSC thermograms obtained for (a) Pr2.76-Ch/PCL, (b) Va2.86-Ch/PCL, and (c) 489 

Bu3.08-Ch/PCL blends.  Arrows indicate a Tg position taken as the midpoint of a baseline shift.   490 

 491 

Fig. 4.  Miscibility maps for different Acyl-Ch/PCL blends, as a function of the number N of 492 

carbons in the side-chain and the substitution parameters: (a) total-DS, (b) ester-DS, and (c) 493 

amide-DS.  Symbols indicate that a given pair of Acyl-Ch/PCL is miscible (circle), immiscible 494 

(cross), or partially miscible (triange). 495 

 496 

Fig. 5.  Miscibility map for different CE/PCL blends, as a function of the number of carbons in the 497 

side-chain and the acyl DS.  Symbols indicate that a given pair of CE/PCL is miscible (circle), 498 

immiscible (cross), or partially miscible (triange). 499 

 500 

Fig. 6.  Schematic representation of the similarity in chemical structure between the repeating unit 501 

of PCL and the butyryl side-groups in CB and Bu-Ch. 502 
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Table 1   
Substitution parameters, solubility dataa, and Tg for Acyl-Ch samples  

     Solubility        Tg/ºC 
 total-DS amide-DS ester-DS DD (%) THF chloroform acetone pyridine DMF DMAc DMSO methanol  

p-Ch     − − − − − − − −  NEb 
 Ac-Ch 1.89 NE NE NE − − − − − − − −  NE 

 2.65 NE NE NE − − − − − ± − −  NE 
 3.89 NE NE NE − − − − ± + ± −  196 

Pr-Ch 2.76 1.09 1.67 36.5 − − − + + + + ±  167 
 2.89 1.27 1.62 43.1 + + + + + + + +  148 
 3.06 1.24 1.82 44.2 + + + + + + + +  111 

 3.16 1.30 1.86 44.5 + + + + + + + +  140 
 3.77 1.77 2.00 80.0 + + + + + + + +  133 

Bu-Ch 1.65 1.07 0.58 10.2 − − − + − − − −  NE 
 1.84 1.50 0.34 61.3 − − − + + + + −  190 
 2.50 1.03 1.47 18.8 ± − + + + + + +  175 
 2.66 0.99 1.67 14.9 + + + + + + + +  140 
 3.08 1.19 1.89 36.7 + + + + + + ± +  110 

 3.33 1.33 2.00 48.9 + + + + + + ± +  103 
Va-Ch 1.64 1.31 0.33 33.6 − − − − − − − −  NE 

 1.82 1.17 0.66 18.6 − ± − ± ± ± ± −  NE 
 2.32 0.97 1.35 25.5 + + + + + + + +  153 
 2.86 1.49 1.37 70.7 + + + + + + + +  107 
 3.09 1.30 1.79 49.5 + + + + + + + +  115 
 3.48 1.48 2.00 48.6 + + + + + + + ±  53 

Ca-Ch 2.64 1.04 1.60 37.2 + + + + + + + +  131 
 2.80 1.14 1.66 42.7 + + + + + + + +  110 
 2.94 1.09 1.85 36.8 + + + + + + + +  110 
 3.42 1.42 2.00 60.9 + + + + + + + ±  91 

a +, soluble; ±, partially soluble; −, insoluble; temperature, 25ºC; concentration, 10 mg/mL.  b not evaluable. 
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