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Abstract

Weight-average molecular weight ðMwÞ and intrinsic viscosity ½h� of six fractions for benzyl konjac glucomannan (B-KGM) were determined

by laser light scattering and viscometry, and the Mark–Houwink equation was established to be ½h� ¼ 2:08 £ 1023 M0:87
w ðcm3 g21Þ in the Mw

range of from 4.42 £ 104 to 33.74 £ 104 in N,N-dimethylformamide (DMF) at 25 8C. Based on current theories for a wormlike chain, the

conformational parameters of B-KGM were found to be 1284 nm21 for molar mass per unit contour length ðMLÞ; 9.7 nm for persistence

length ðqÞ; and 22.2 for characteristic ratio ðC1Þ; suggesting that B-KGM existed as a semi-stiff chain with relatively large steric-hindrance in

DMF. By incorporating the semi-stiff B-KGM of different Mw into castor oil-based polyurethane, a series of semi-interpenetrating polymer

networks (semi-IPN) films, coded as UB, were successfully prepared. The effects of Mw and chain conformation of B-KGM on miscibility

and properties of the resulting UB films were investigated by using Fourier transform infrared spectroscopy, dynamic mechanical

thermal analysis, ultraviolet spectrophotometer, and measurements of crosslink density and mechanical properties. The results

indicated that the light transmittance of the UB films increased from 77 to 89% with a decrease of B-KGM Mw from 33.74 £ 104 to

4.42 £ 104 due to intimately interfacial adhesion between the two phases. As the B-KGM Mw decreased, the tensile strength of the

UB films decreased from 15 to 5.4 MPa, whereas the elongation at break increased from 54 to 120%, resulted from that the stiff B-KGM

molecules of lower Mw could easily penetrated into PU phase to hinder the formation of PU network. Miscibility between PU and lower Mw

B-KGM was obviously higher than that between PU and higher Mw B-KGM, due to the relatively large specific surface provided by lower

Mw B-KGM similar to ‘nanoparticle’. Meanwhile, miscibility between PU and B-KGM was higher than that between PU and nitrocellulose

or nitro-KGM, indicating that the effect of the chain stiffness of the natural polymers on the miscibility of the semi -IPN systems not be

negligible.

q 2003 Published by Elsevier Ltd.
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1. Introduction

It is well known that the secondary structure such as

molecular weight and chain conformation is one of most

important factors governing the process and application for

polymers. However, the effect of the weight-average

molecular weight ðMwÞ on polymer structure and properties

is a very complicated issue, and there are few generally

applicable-theoretical predications [1]. It is reported that the

Mw could determine the polymer properties, such as

rheological characteristics [2,3], mechanical stiffness and

toughness [3,4] and miscibility between two polymers, like

that of polystyrene (PS)/poly(a-methylstyrene) (PaMS)

blends [5–9]. In our laboratory, the semi-interpenetrating

polymer networks (semi-IPN) materials of polyurethane

(PU)/nitro-cellulose (NC) [10] and PU/nitro-konjac gluco-

mannan (NKGM) [11], exhibiting excellent properties, have

been prepared. The experimental results showed that the

lower Mw NC or NKGM could blend more easily with PU

than the higher Mw one. It is worth noting that the content of

NC or NKGM was less than 30 wt% in the semi-IPN films.

Otherwise, the preparation difficulty or poor properties

would result. The IPN system provided an effective way for

modification and exploitation of natural polymers such as

polysaccharides and protein from renewable resources.

Therefore, a basic understanding of the relationship of

molecular size and shape for the natural polymers with the

miscibility and properties of the resulting composite
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materials is essential for their successful researches and

applications. However, the effects of molecular weight

and chain conformation of natural polymers on the structure

and physical properties of the semi-IPN materials have not

been enough investigated.

Konjac glucomannan (KGM), a polysaccharide obtained

from the tubers of the Amorphophallus konjac plants, is a

random copolymer composed of (1 ! 4) linked b-D-

mannose and b-D-glucose units with 10 branch points for

every 32 repeating units of the main-chain [12–14]. In our

previous work [15], the benzyl konjac glucomannan (B-

KGM) was prepared by reacting benzyl chloride with KGM

in their aqueous solution, and then used to prepare a series of

castor-oil based PU/B-KGM semi-IPN films. Interestingly,

the films were miscible on the molecular level or partially

miscible in the range of B-KGM content from 5 to 80 wt%

and exhibited morphological transition from predominated

PU phase to predominated B-KGM phase, resulting in the

transition of mechanical properties from highly extensible

elastomers to toughened plastics. In order to know why the

miscibility between PU and B-KGM was much better than

that between PU and NC [10] or nitro-KGM [11], we, in this

work, attempt to clarify the effects of Mw and chain

conformation of B-KGM on morphology, miscibility and

properties of the PU/B-KGM semi-IPN materials. The Mw

and intrinsic viscosity ½h� of the six fractions of B-KGM in

N,N-dimethylformamide were determined by light scatter-

ing and viscometry, and molecular parameters and chain

conformation were evaluated based on current theories for a

wormlike chain. Then, the semi-IPN films from PU and B-

KGM were prepared, and investigated by FT-infrared

spectroscopy (FT-IR), dynamic mechanical analysis

(DMA), ultraviolet spectrophotometer, and the measure-

ments of swelling and mechanical properties.

2. Experimental

2.1. Materials

All the chemical reagents used here were obtained from

commercial resources in China. The chemical pure castor

oil was dehydrated at 100 8C under 20 mmHg for 1 h. 2,4-

Toluene diisocyanate (TDI) was redistilled before use. N,N-

Dimethylformamide (DMF) was dried over molecular

sieves before use. Purified KGM was supplied by Zhuxi

Konjac Institute of Hubei province, China. The other

reagents were used without further purification.

2.2. Preparation of B-KGM fractions

Five grams KGM was dissolved in 200 ml water, after

that, the HCl was introduced and HCl concentration was

adjusted to 10 wt%. The resulting mixing solution was

stirred for desired time to degrade KGM. Subsequently, the

apparent pH of the mixture solution was adjusted to 7 using

40 wt% NaOH aqueous solution, and the solution was

introduced to a three-necked flask equipped with a

mechanical stirrer, dropping funnel and condenser. The

solution contained in the flask was stirred vigorously at

40 8C, while 50 g of 40 wt% NaOH aqueous solution was

added dropwise. The resulting alkali-KGM slurry was

stirred at 40 8C for 1 h before adding dropwise 15 g of

benzyl chloride. The reaction was performed at 100 8C for

2 h, after which the slightly yellow precipitate was distilled

with water-vapor, extracted with ethanol, washed with ether

and water, finally, vacuum-dried at room temperature to

obtain a white powder of the B-KGM. By adjusting

degradation time of B-KGM in HCl aqueous solution for

1, 2, 3, 5 and 7 h, a series of B-KGM factions with different

Mw was obtained and coded, respectively, as B-KGM-1, B-

KGM-2, B-KGM-3, B-KGM-5 and B-KGM-7. The B-KGM

prepared without the degradation was coded as B-KGM-0.

2.3. Preparation of PU/B-KGM semi-IPN

The castor oil-based PU prepolymer (NCO/OH ¼ 2) was

prepared according to the method described by Sperling

et al. [16]. Three grams PU prepolymer, 20 wt% B-KGM

and 1,4-butanediol as chain extender (to give total NCO/

OH ¼ 1.0) were dissolved in DMF to give a solid content of

20 wt%. The mixture solution was poured into a mould after

stirred for 30 min. The casting solution was cured at room

temperature for 30 min, and then heated at 60 8C for 4 h to

form PU/B-KGM semi-IPN film with thickness of 150 mm.

The resulting films were coded, respectively, as UB-0, UB-

1, UB-2, UB-3, UB-5 and UB-7, corresponding to the B-

KGM degradation time from 0 to 7 h.

2.4. Viscosity and molecular weight measurements

The ½h� values of the B-KGM fractions in DMF were

determined by using an Ubbelohde viscometer at

25 ^ 0.2 8C. The Huggins and Kraemer equations were

used to estimate ½h� as follows:

hsp=c ¼ ½h� þ k0½h�2c ð1Þ

ðln hrÞ=c ¼ ½h�2 k00½h�2c ð2Þ

where k0 and k00 are constants for a given polymer at given

temperature in a given solvent; hsp=c; the reduced specific

viscosity; ðln hrÞ=c; the inherent viscosity.

The Mw values of the B-KGM fractions in dimethylsulf-

oxide (DMSO) were determined by using static multiangle

laser light scattering instrument equipped with a He–Ne

laser ðl ¼ 632:8 nmÞ (DAWN-DSP, Wyatt Technology

Co., USA) in the angle range from 428 to 1368 at 25 8C.

Refractive index increment ðdn=dcÞ was measured with a

double-beam-differential refractometer (DRM-1020,

Otsuka Electronic Co., Japan) at 632.8nmnm at 25 8C. All

solutions were filtered with a sand filter, and then with

0.45 mm filter (DTFE, Puradisce 13 mm Syringe Filter,
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Whattman, England). Astra software was utilized for the

data acquisition and analysis.

2.5. Characterization

The FT-IR spectra of the B-KGM and UB films were

recorded with a spectrometer (1600, Perkin–Elmer Co.,

USA) using KBr-pellets at room temperature. The degree of

substitution (DS) was calculated from elemental data

obtained by using an elemental analyzer (CHN-O-RAPID

Heraeus Co., Germany) according to Ref. [17].

Dynamic mechanical analysis (DMA) was carried out on

a dynamic mechanical thermal analyzer (DMTA-V, Rheo-

metric Scientific Co., USA) at 1 Hz and a heating rate of

5 8C/min in the temperature range from 250 to 200 8C. The

specimens with typical size of 10 mm £ 10 mm (length £

width) were used.

The percent light transmittance of the films was

measured by using an ultraviolet spectrophotometer (UV-

160A, Shimadzu, Japan). The tensile strength ðsbÞ and

elongation at break ðebÞ of the films were carried out on an

universal testing machine (CMT6503, Shenzhen SANS test

machine Co. Ltd., China) at a tensile speed of 10 mm/min,

and an average value of at least five replicates of each

material was taken.

2.6. Swelling test

The crosslink density of the various UB films was

determined by swelling tests. Prior to the testing, the UB

films were extracted with acetone to free the soluble

material. Three film samples having weight of approxi-

mately 0.2 g each were placed into toluene and allowed to

stand for 5 days at 25 8C. After swelling equilibrium, the

resulting samples were removed from the toluene and

weighted after removing excess toluene. The crosslink

density of the UB films was obtained by using the following

equation:

vc

V0

ðmol=cm3Þ ¼
22½y þ xy 2 þ lnð1 2 y Þ�

V1ð2y
1=3 2 y Þ

ð3Þ

where nc ¼ effective molar number of crosslinked chains,

V1 ¼ molar volume of solvent, x ¼ polymer –solvent

interaction parameter, y ¼ volume fraction of dry polymer

in swollen gel ðy ¼ V0=VÞ; V0 ¼ volume of dry polymer;

V ¼ volume of swollen gel at equilibrium.

In order to determine x of the PU/B-KGM semi-IPN in

toluene system, the swelling tests were performed at 27, 29,

32 and 36 8C. From the temperature dependency of the

swelling volume, x values were obtained as following [18]

d lny

d lnT
¼

23xð1 2 y Þ

5ð1 2 xÞ
ð4Þ

where T is temperature (K). x values of the UB films were

obtained to be from 0.34 to 0.37, here, the mean value of

0.35 for the UB films was used to calculate the crosslink

density. The density of the UB films at 27, 29, 32 and 36 8C

were measured by determining the weight of a volume-

calibrated pycnometer filled with a mixture of NaCl aqueous

solution and ethanol, in which the sample achieved

floatation level.

3. Results and discussion

3.1. Molecular weight and chain conformation of B-KGM

The data of Mw; ½h� and degree of substitution (DS) for

six B-KGM fractions are summarized in Table 1. The results

indicated that the Mw and ½h� of the B-KGM fractions

decreased with an increase of the degradation time, and the

Mw values ranged from 4.42 £ 104 to 33.7 £ 104. The ½h� of

B-KGM in DMF was much higher than that of the general

vinyl polymers with same Mw; such as polystyrene and

polymethacrylate, implying that the chain of B-KGM was

more extended in DMF. The DS values range from 1.1 to

1.3, suggesting that the effect of DS on the chain

conformation can be neglected here. Therefore, the

conformation parameters of the B-KGM can be estimated

according to the current theories of the solution properties.

The Mw dependence of ½h� for B-KGM in DMF at 25 8C is

plotted in Fig. 1. The data point for B-KGM displayed

upward deviation at log Mw ¼ 4:70: This point is neglected,

the Mark–Houwink equation for B-KGM in DMF in the Mw

range from 8.96 £ 104 to 33.74 £ 104 was established to be

½h� ¼ 2:08 £ 1023 M0:87
w ðcm3 g21Þ ð5Þ

The exponent value ðaÞ is related to the shape of the

macromolecules and the nature of the solvent. The a of 0.87

suggests that the chain of B-KGM molecule was relatively

expanded in DMF. Bushin [19] and Bohdaneckỳ [20]

independently showed that the Yomakawa – Fujii –

Yoshizaki (YFY) equation [21,22] for ½h� of the

Fig. 1. Mw dependence of intrinsic viscosity ð½h�Þ for B-KGM in DMF at

25 8C.
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unperturbed wormlike cylinder can be replaced approxi-

mately by

ðM2
=½h�Þ1=3 ¼ Ah þ BhM1=2 ð6Þ

Ah ¼ A0MLF
21=3
0;1 ðg1=3 cm21Þ ð7Þ

Bh ¼ B0F
21=3
0;1 ð2q=MLÞ

21=2ðg1=3 cm21Þ ð8Þ

where A0 and B0 are tabulated in Bohdaneckỳ’s paper [20],

q and ML are the persistence length and the molar mass per

unit contour length, respectively. F0;1 ¼ 2:87 £ 1023:

Molecular parameters of the polysaccharides and their

derivatives, such as cellulose trinitrate [20], cellulose

diacetate [23], schizophyllan [24] and xanthan [25], have

been successfully evaluated by using YFY equation. The B-

KGM is also a polysaccharide derivative with side groups

similar to the structure of polymers mentioned above.

Therefore, the molecular parameters of B-KGM can also be

calculated with YFY theory. The plot of ðM2=½h�Þ1=3 vs M1=2

for B-KGM in DMF is presented in Fig. 2. By neglecting the

data point of M1=2
w ¼ 2:16 due to downward derivation

similar to Fig. 1, the values of Ah and Bh were obtained to be

203.3 and 1.283, respectively. Both A0 and B0 are function

of the chain diameter d relative to 2q; the relations can be

described by Eqs. (9)–(11) [20]:

d2
r =A0 ¼ ð4F0;1=1:215pNAÞðy =AhÞB

4
h ð9Þ

logðd2
r =A0Þ ¼ 0:173 þ 2:158 log drðdr # 0:1Þ ð10Þ

dr ¼ d=2q ð11Þ

where y is the partial specific volume of the polymer

molecules, NA ¼ 6:02 £ 1023: Substitution of the above Ah

and Bh values together with the dr value of 0.0791 evaluated

by an alternative way in equations from (7), (8) and (11)

yields 1.53 nm for d, 1284 nm21 for ML and 9.71 nm for q:

This is indicative of characteristic of a semi-stiff chain. That

is to say, the chain of B-KGM was relatively extended in

DMF. The characteristic ratio ðC1Þ can represent how much

the chain is extended by steric hindrance. The C1 can be

defined as follows [26]:

C1 ¼ M0=ðlMLl2Þ ð12Þ

where M0 is the molar mass of the B-KGM repeat unit. l21

is the Kuhn’s segment length, and l is the virtual bond

length, which equals to the distance between two successive

monosaccharidic oxygen atoms O(1) and O0(4) in the

present case. By combining 0.50 nm for l of B-KGM

calculated from an arithmetical average of b-(1 ! 4)-D-

glucan (0.425 nm) and b-(1 ! 4)-D-mannoses (0.54 nm)

[28] with M0 ¼ 370; l21 ¼ 19:4 nm and ML ¼ 1284 nm21;

the C1 of the B-KGM in DMF was calculated to be 22.2.

The C1 values of the general derivatives of cellulose and

polysaccharides range from 10 to 17, such as 12.6 of guar

galactomannan, a slightly stiffened random-coil chain in

aqueous solution, consisted of a b-(1 ! 4)-D-mannopyr-

anosyl backbone partially substituted at O-6 with a

galactopyranosyl side-groups [27]. Usually, the C1 of

polymers is affected by bond angle and steric hindrance

including backbone chain and side chain, etc. In this case,

the relatively large C1 of B-KGM may be attributed to a

larger steric-hindrance caused by relatively large benzyl

groups linked to the backbone. Therefore, the B-KGM

molecules existed as a semi-stiff chain with a relatively

large steric hinderance in DMF solution.

3.2. Effects of molecular weight and chain stiffness on

miscibility

The dependence of crosslink densities ðvc=V0Þ on B-KGM

Mw for the UB films is shown in Fig. 3. As the Mw of B-

KGM decreased from 33.74 £ 104 to 4.42 £ 104, the

crosslink densities of the resulting UB films decreased

from 2.37 £ 103 to 1.53 £ 103 mol cm23. This can be

explained as the semi-stiff B-KGM of lower Mw hindered

the formation of PU networks more easily than that of

higher Mw: Yoshida et al. [28] have reported that the

crosslink density of the PU, consisting of polymeric MDI,

propylene oxide-based polyether triol and kraft lignin

fraction with different molecular weights, increased with

Table 1

The data of Mw; ð½h�Þ and degree of substitute (DS) for B-KGM

B-KGM B-KGM-0 B-KGM-1 B-KGM-2 B-KGM-3 B-KGM-5 B-KGM-7

Mw £ 1024 33.7 26.7 15.8 12.1 8.96 4.42

½h� (cm3 g21) 141.9 101.7 67.5 50.1 44.5 31.9

DS 1.1 1.2 1.2 1.1 1.3 1.2

Fig. 2. The plot of ðM2
w=½h�Þ

1=3 vs M1=2
w for B-KGM in DMF at 25 8C.
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an increase of lignin Mw; because of the increase in

functionality of the kraft lignin with higher Mw: This was

different from the present PU/B-KGM semi-IPN system, in

which the reaction ability of NCO groups in PU with

remaining OH groups in B-KGM was nearly neglected [15].

Therefore, the results in this case may be related to the

difference in the ‘penetration ability’ of B-KGM into PU

phase. The semi-stiff B-KGM of lower Mw could more

easily penetrate into the PU phase and mixed with PU than

higher Mw ones to hinder the formation of PU networks [29,

30]. In addition, since the B-KGM content in the UB films

was kept constantly at 20 wt%, the actual semi-stiff B-KGM

molecular numbers increased with a decrease of B-KGM

Mw: Thus, the decreased crosslink density of the UB films

could also be partially attributed to the increased B-KGM

molecular number, which can effectively restrain the

formation of PU networks.

It is well known that the IR spectrum can reflect the

information of hydrogen bonding in polymer systems. Due

to the different degree of carbonyl hydrogen bonding, the

amide-I IR spectra consisted of three distinct spectral

features were located at 1699–1706 cm21 (hydrogen-

bonded CvO groups in order domains), 1714–1719 cm21

(hydrogen-bonded CvO groups in disorder domains) and

1730 – 1735 cm21(free CvO groups), respectively,

[31–33]. FT-IR spectra of the urethane carbonyl region

for the UB films are shown in Fig. 4. There were distinct

differences in position and intensity of three characteristic

peaks located at about 1731, 1713, and 1702 cm21 for the

CvO band, depending on the B-KGM Mw: Compared with

that of the hydrogen bonded CvO, the relative intensity of

free CvO band increased when Mw of B-KGM decreased

from 33.7 £ 104 to 4.42 £ 104. Therefore, the free –CvO

fraction in UB films having lower Mw B-KGM was more

abundant than that of the UB films having higher Mw B-

KGM, resulted from the disruption of hydrogen bonding

between –CvO and –NH involved in hard–soft segments

and hard–hard segments of PU. This can be explained that

B-KGM with the lower Mw can more easily penetrate into

PU and mix with PU, resulting in the perturbation of

hydrogen bonding interactions in PU itself.

The temperature dependence of storage modulus ðE0Þ for

the UB films is shown in Fig. 5. When B-KGM Mw was

higher than 8.96 £ 104, the E0 curves of the UB films

exhibited two distinctive drops in stiffness at lower and

higher temperature, assigned to the glass transitions ðTgÞ of

PU and B-KGM, respectively. However, the E0 of UB-7

steadily decreased until it reached the rubbery modulus,

indicating a higher degree of phase mixing between PU and

lower Mw B-KGM. Temperature dependence of mechanical

loss factor ðtan dÞ for the UB films is shown in Fig. 6, and

the Tg data taken from the tan d maximum are summarized

in Table 2. The Tg transition of PU was observed at about

25 8C [15]. Whereas the Tg transition of pure B-KGM was

found to increase from 112 to 168 8C with the increase of B-

KGM Mw from 4.42 £ 104 to 33.74 £ 104(shown in Table

2). The UB films exhibited two separate tan d peaks for each

phase except for the UB-7. This is indicative of micro-phase

Fig. 3. The dependence of crosslink density ðvc=V0Þ on B-KGM Mw for the

UB films.

Fig. 4. FT-IR spectra of the urethane carbonyl region for the UB films.
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separation between PU and B-KGM. The Tg values of the

films UB-0–UB-3, corresponding to PU, were lower than

that of pure PU, owing to the loose network caused by

incorporation of B-KGM. The freedom of molecular motion

can be reflected by the sharpness and height of the tan d

peak [34]. The height of tan d peaks of the UB films,

corresponding to Tg transition of PU, increased with a

decrease of B-KGM Mw: This can be explained by

plasticization effect and, more importantly, by an incompe-

tently formed PU networks containing defects such as loose

chain ends caused by lower Mw B-KGM [30]. As the B-

KGM Mw decreased, the tan d peak, corresponding to Tg

transition of B-KGM, shifted to lower temperature,

broadened and flattened until it became a slight shoulder

in UB-7 film, indicating an increase in miscibility between

PU and lower Mw B-KGM.

It should be noted that the resulting UB films have good

miscibility or certain degree of miscibility when the B-

KGM content range from 5 to 80 wt% in the PU/B-KGM

semi-IPN system [15], but in the previous works in our

laboratory, the PU/NKGM [11] and PU/NC [10] semi-IPN

films were miscible or partial miscible only when PU

content was more than 70 wt%. This can be explained that

B-KGM was more expanded than NC or NKGM in solution.

Thus, the expanded B-KGM molecules penetrated easily

into PU phase and gave larger specific surface to contact

with PU. For the resulting UB films, the role of low Mw B-

KGM was similar to that of nanoparticles having relatively

large specific surface. The large amount of ‘nanoparticles’

contained in the UB films could actively interact with PU,

leading to an increase in miscibility between PU and lower

Mw B-KGM.

The light transmittance ðTrÞ measurements are often used

as an empirical method for determining the phase mixing in

polymer composite materials [35]. The dependence of light

transmittance ðTrÞ at 800 nm on B-KGM Mw for the UB

films is shown in Fig. 7. Interestingly, the Tr values of the

UB films increased from 75 to 89% with the decrease of B-

KGM Mw: When Mw of B-KGM was lower than 15.6 £ 104,

the Tr values of the films UB-3, UB-5 and UB-7 were higher

than that of PU. Generally, the enhanced Tr of the polymer

blends may be correlative with the interfacial interactions,

amorphous state, phase domain sizes as well as the match of

refractive indices of the polymer components. The higher Tr

Fig. 5. Temperature dependence of storage modulus ðE0Þ for the UB films.

Fig. 6. Temperature dependence of mechanical loss factor ðtan dÞ for the

UB films.

Table 2

The DMA data of PU, UB and B-KGM samples

Films UB-0 UB-1 UB-3 UB-5 UB-7

Tg (8C) (PU) 25

Tg1 (8C) 14.5 16.2 16.7 24.2 26.5

Tg2 (8C) 128.3 125.6 115.4 95.8 –

Tg (8C) (B-KGM) 168.3 156.7 141.5 129.2 112.4

Tg1; corresponding to Tg of PU; Tg2; corresponding to Tg of B-KGM.

Fig. 7. The dependence of light transmittance ðTrÞ on B-KGM Mw for the

UB films (----- represent Tr of PU).
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values of the UB films imply the occurrence of the strong

interaction between lower Mw B-KGM and PU matrix,

resulting in the enhancement of miscibility [10,11,36].

3.3. Effects of molecular weight on mechanical properties

The dependence of tensile strength ðsbÞ and elongation at

break ðebÞ on Mw for B-KGM is shown in Fig. 8. With an

increase of Mw from 4.42 £ 104 to 33.7 £ 104, the sb values

of the B-KGM films increased from 39 to 57 MPa, whereas

that of eb decreased from 34 to 16%. The B-KGM Mw

dependence of sb and eb of the UB films is shown in Fig. 9.

The values of sb and eb of the PU film were 7 MPa and

250%, respectively. As the Mw of B-KGM increased, the sb

values of the UB films increased, and were higher than that

of PU film except for that of UB-7 film. The UB-7 film

exhibited lower sb than PU film, due to loose networks

caused by incorporating of lower Mw B-KGM. The eb

values of the UB films significantly increased from 54 to

122% with the decrease of B-KGM Mw; owing to the

easiness of molecular motion in loose networks [37]. This is

well consistent with the modulus behaviors of the UB films

shown in Fig. 5. Therefore, the relatively low Mw B-KGM

plays an important role in plasticizing the UB films and

enhancing miscibility between PU and B-KGM.

4. Conclusions

The Mark–Houwink equation for the B-KGM in DMF

solution at 25 8C was established to be ½h� ¼ 2:08 £ 1023

M0:87
w ðcm3 g21Þ: Analysis of experimental data in terms of

the theories for wormlike chain gave the conformational

parameters of the B-KGM in DMF to be 1284 nm21 for ML;

9.7 nm for q; and 22.2 for C1; indicating a semi-stiff B-

KGM chain with relatively large steric-hindrance exists in

DMF. The semi-IPN films were prepared from castor oil-

based PU and 20 wt% B-KGM with different Mw from

4.42 £ 104 to 33.7 £ 104. The results showed that the

miscibility between PU and B-KGM was much higher than

that between PU and nitro-polysaccharide derivates, such as

NC [10] and NKGM [11], indicating that the effect of the

B-KGM chain stiffness in the semi-IPN systems could not

be negligible. As the B-KGM Mw decreased, the miscibility

of the UB films increased, due to the strong interaction and

effective mixing between phases. The sb values of the UB

films decreased from 15 to 5.4 MPa, but the eb values

increased from 54 to 122% with the decrease of the B-KGM

Mw from 33.7 £ 104 to 4.42 £ 104, suggesting that B-KGM

of lower Mw penetrated more easily into the PU networks

and hindered the formation of PU networks than the one of

higher Mw: Both chain stiffness and the relatively low Mw of

B-KGM play an important role in enhancing the miscibility

and interaction between PU and B-KGM, similar to that of

‘nanoparticle’.
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