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SUMMARY Cellulose-based polycaprolactone (CAPCL) sheets were prepared 
from cellulose acetate (CA) and E-caprolactone (CL). Thermal properties of the 
obtained CAPCL's were studied by differential scanning calorimetry (DSC), 
thermogravimetry (TG) and TG-Fourier transform infrared spectrometry (TG- 
FTIR). The glass transition temperatures (Tg ' s )  of CAPCL decreased with 
increasing CL / OH ratio, until CWOH ratio reached 15 and then increased above 
that ratio. Melting of CAPCL was observed when CL/OH ratio was over 10. The 
thermal degradation temperatures (Td ' s )  of CAPCL increased from ca. 350 "C to 
390 "C with increasing CUOH ratio. The results obtained by TG-FTIR analysis of 
CAPCL showed that gases with OH, CH, C=O, C-0-C groups evolved by thermal 
degradation. 

Introduction 

In the past 15 years, various synthetic polymers, which can be derived from plant components 
such as saccharides and lignin, have extensively been investigated by various research groups 

. The polyurethane's (PU's) were prepared from various types of plant components at our 

laboratory and it was found that their mechanical and thermal properties can be controlled by 
appropriate molecular design. They were biodegraded by microorganisms when they were 

placed in soilg). In our recent study13), plycaprolactone (PCL) derivatives were synthesized 

from saccharides such as glucose, fructose and sucrose. PU sheets were also prepared from the 
above PCL derivatives by the reaction with diphenylmethane diisocyanate (MDI). It was found 
that the higher-order structure of PU's derived from PCL derivatives vary according to the 
difference in the molecular association of PCL chains. 
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In the present study, CAPCL's were synthesized from cellulose acetate (CA) by the 

reaction with c-caprolactone (CL). In this polymer, free hydroxyl groups were used as 

reaction sites and cellulose having various length of CL chains was prepared. The obtained 
polymers were characterized with respect to phase transition, thermal degradation and chemical 
structures of the gases evolved by the thermal degradation of CAPCL. 

Experimental 

Sample Preparation 

CAPCL's were synthesized from cellulose acetate (CA acetyl content, 39.87 %; M, = 
6 . 3 2 ~ 1 0 ~ ;  MJM, = 2.27) by the polymerization of CL which was initiated by the OH group 
of CA. CUOH (mol/mol) ratios were changed from 2 to 20 (CWOH ratio = 2, 5, 8, 10, 15 
and 20). The polymerizations were carried out for 12 hr at 150 "C with the presence of a small 
amount of dibutyltin dilaurate (DBTDL). CAPCL sheets were prepared by heat-pressing the 
synthesized polymers at 160 - 180 "C at ca. 100 kg/cmz. 

Measurements 

Differential scanning calorimetry (DSC) was performed using a Seiko DSC 220 at a heating 
rate of 10 "C / min under a nitrogen flow. Sample mass was ca. 5mg. Aluminum open pans 
were used. The samples were heated to 120 "C and quenched to -150 "C. DSC heating curves 

of quenched samples were used for analysis. The melting temperature (Z',,,), melting enthalpy 
(AH,,,), cold crystallization temperature (T& glass transition temperature (TJ and heat 
capacity gap (AC,) were determined by the method reported previously 14). 

Thermogravimetry (TG) was carried out in nitrogen using a Seiko TG 220 at a heating 
rate of 10 "C/ min in the temperature range from 20 to 800 "C. Sample mass was ca. Smg. TG 

curves and derivatograms were recorded. Mass loss was indicated as [(m+m,,) / m,, I x 100 

(%) where m, is mass at temperatureT and mzo is mass at 20°C. Mass residue was evaluated at 
450 "C. 

Gases evolved by thermal degradation were analyzed by TG-Fourier transform infrared 
spectrometry (FTIR) using a JASCO FT/IR-420. The heating rate was 20 "C / min in the 
temperature range from 40 to 800 "C. The flow rate of carrier nitrogen gas was 100 ml/min and 
the sample weight was 7 to 10 mg. The gas transfer system was maintained at 270 "C. The 
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resolution power of ETIR was 4 cm-'. 
incorporation time was 30 s. 

The number of integration was ten and the data 

Results and Discussion 

DSC 

Figs. 1 and 2 show DSC curves of CAPCL with various CWOH ratios from 1 to 20. An 

endothermic peak at around 50 "C is observed when the CUOH ratio of the samples exceeds 
10, and enthalpy of melting increases with increasing CJJOH ratio. The exothermic peak is 
clearly observed in the DSC curve of the sample with CJJOH ratio 15. A broad and shallow 
exothermic deviation can also be observed at a temperature lower than melting for the sample 
with CJJOH ratio 20. When the DSC heating curves are magnified at a temperature ranging 
from -80 to 0 "C, baseline deviation attribuied to the glass transition of CAPCL is distinctly 

observed as shown in Fig. 2. Heat capacity gap at glass transition temperature (AC,) increases 

with increasing CUOH ratio. As shown in Fig. 2, Tg decreases with increasing CUOH ratio 

when CL/OH ratiodn CAPCL's is below 10 and then increases when CL/OH ratio exceeds 15. 
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Fig. 1. DSC heating curves of CAPCL 
Numerals in the figure show CUOH ratio, T,; melting temperature, 
T, ; cold crystallization temperature 
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Fig. 3 shows the relationships between Tg's, the heat capacity difference at Tg (AC,) 

and CWOH ratios of CAPCL's. As shown in Fig. 3, Tg decreases with increasing CIJOH 

ratio, showing a minimum value when CL/OH ratio is 10, and then increases with increasing 

CL/OH ratio. In contrast, AC, vanes in the opposite manner. 
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Fig. 2. Magnified DSC heating curves at around Tg of CAPCL 
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Fig. 3. Relationships between Tg, ACp and CL/OH ratio in CAPCL 
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The above results indicate that PCL chains introduced to the glucopyranose ring as 
side chains act as soft segments in CAPCL. The molecular motion of caprolactone chains is 
enhanced progressively with increasing chain length of CL chains when CWOH ratio is below 

10. This can be observed as a decrease of Tg and an increase of AC,, However, as shown in 

Figs. 1 and 2, CL chains form an ordered structure due to coagulation of side chains. This can 
clearly be seen in the case of the DSC curve of CAPCL with CUOH ratio of 15, i.e. a 
prominent exothermic peak due to cold crystallization and a peak of melting of crystals 
observed at around - 35 and + 50 "C, respectively. Cold crystallization and melting in the DSC 
curves suggest that crystalline region is formed in the CAPCL's with CUOH ratios of 15 and 
20. It is reasonable to consider that the molecular motion of random chains is restricted in the 
presence of ordered structure. A small and shallow exothermic peak and a prominent melting 
peak observed for the sample with CWOH ratio 20 indicate that the entirely amorphous sample 
could not be formed by quenching, but that the crystalline region is rearranged during cooling 

from 120 "C to -150°C. As shown in Fig. 4, T,,, and AH,,, increase with increasing CWOH ratio. 

The above results suggest that the incorporation of PCL chains into the CA structure 
leads to the enhancement of molecular motion of CAPCL's. The flexible PCL chains expand 
inter-molecular distance of CA chains when CUOH ratio is below 10 and molecular chains 
become mobile. However, when CWOH ratio is over 15, CAPCL's with long PCL chains 
(CUOH ratio = 15 and 20), the long PCL chains arrange in regular molecular forms and 

obtained crystalline structure restricts the free molecular motion. As shown in Fig. 3, AC, 

increases in the initial stage and then decreases with increasing CL/OH ratio. This also 
supports the facts. 
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Fig. 4. Relationships between Tm, AH,,, and CWOH ratio in CAPCL 
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TG 

Fig. 5 shows TG heating curves of CAPCL's with various CL/OH ratios, which were 
measured in N,. In the TG curves of CAPCL's, the start of thermal degradation is 

recognized at around 350 "C, when CWOH ratio is 2. As seen from Fig. 5 ,  degradation 
temperature (Td ), which is defined as indicated in the figure, increases with increasing 

CWOH ratio. Mass loss of the samples with CWOH ratio 2 and 5 takes place in one stage, and 
in contrast mass loss of the samples with CL/OH ratio higher than 8 occurs in multiple stages. 
TG derivatograms (Fig. 6) show the single peak or multiple peaks corresponding to the TG 
curves. 
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Fig.5. TG heating curves of CAPCL Fig. 6 TG derivatograms 
m2,,; mass at 20T,  m,; mass at t 
Numerals in the figure show CL/OH ratio, 
Td;  decomposition temperature 

As shown in Fig.7, Td'S of CAPCL increased from ca. 350 "C to 390 "C with 

increasing CL/OH ratio. From this result, it is considered that the thermal degradation of 
CAPCL with increased chain length seems to occur with more difficulty, since the ratio of 
thermally unstable saccharide structure in CAPCL decreased comparatively with increasing 
amounts of PCL. Fig. 7 also shows the relationship between the mass residue at 450 "C and 
the CWOH ratios in CAPCL's. The residue at 450 "Cdecreases with increasing CL/OH ratio, 
suggesting that the CA part in CAPCL constitutes a significant part of the residual products. 
This indicates that the thermal decomposition of PCL chains in CAPCL leads to the production 
of gaseous products when PCL chains decomposed. 
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Fig.7. Relationship between Td, mass residue and CUOH ratio in CAPCL 

TG-FTIR 

Figs.8 and 9 show the change of TG-ETIR spectra of the CAPCL's with CL / OH ratio = Sand 
15. The IR intensity of the evolved gases from the thermally decomposed CAPCL's increases 
with increasing CL / OH ratio. The assignments of IR absorption peaks of evolved gases are as 

follows 15) : CO,, 2358 and 665 cm-'; NO,, 1620 cm-'; C=C, 1620 and 1510 cm-'; CH, 2920 

and 2850 cm-'; C-0-C, 1128 cm-'; G O ,  1720 cm-'. 

Fig. 8. TG-ETIR of CAPCL (CL/OH ratio = Fig. 9. TG-mIR of CAPCL (CWOH 

5 mol/mol) ratio = 15 mol/mol) 
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The results obtained by TG-FT'IR analysis of CAPCL showed that CO, and gases with OH, 
CH, G O ,  C-0-C, groups were recognizably evolved by the thermal degradation of CAPCL. 
As shown in Fig. 9, evolved gases with CH structure increase markedly with increasing 

CUOH ratio in CAPCL, since the PCL chain consists of (-COCH,CH,CH,CH,CH,-0-) 

structure. Similarly evoled gases with C-0-C and C=O structures increased with increaseing 
CUOH ratio. 
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Fig. 9. Relationship between CH absorbance and CL/OH ratio in CAPCL 

Conclusions 
(1) Tg's decreased with increasing CL/OH ratio when CUOH ratio is below 10. This suggests 

that the PCL chains act as a soft segment in the amorphous region of CAPCL molecules. It was 
found that the CAPCL's with CL/OH ratios over 15 have a crystalline region in the molecular 
structure. 
(2) Td's of CAPCL's increased with increasing amounts of PCL chains in CAPCL's. This fact 

suggests that the thermal degradation of CAPCL with increased chain length seems to occur 
with more difficulty, since the ratio of thermally unstable saccharide structure in CAPCL 
decreased comparatively with increasing amounts of PCL. 
(3) The results obtained by TG-FTIR analysis of CAPCL showed that gases with 
OH, CH, C=O, C-0-C groups were evolved by thermal degradation. 
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