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ABSTRACT: The effects of the total degree of substitution {F)) and average-molecular weight 
on glass transition temperature (Tg), melting point (Tm) and the onset point of thermal 
decomposition (Tctl for cellulose acetate (CA) solids were studied using DSC, TG, and X-ray 
diffractometry. Fractionated and whole CA polymers with {F)) of 0.49, 1.75, 2.46, and 2.92 were 
used. All whole and fractionated CA showed Tg. Tg of CA fractions do not depend on average
molecular weight significantly, except for CA(2.92) (the number in parentheses denotes {F))). Tg of 
CA fractions increases monotonously with a decrease in {F)) as follows 

Tg(K) = 523- 20.3{F)) 

To derive the above equation, the Tg value of a CA(2.92) fraction with a viscosity-average 
molecular weight of I x 105 was employed. {F)) dependence of Tg was considered related to the 
difference in the density of intermolecular interactions in CA solids. For CA(2.92) and some 
CA(2.46) fractions, cold crystallization occurs at a temperature about 30 and 20 degree higher than 
their Tg, respectively. Tm and Tct of CA fractions were mainly determined by {F)), being 
independent of the average-molecular weight. Tm as well as Tct of CA(2.92) were highest among 
those of four kinds of CA, and CA(2.92) was thermally the most stable polymer among CA. 

KEY WORDS Glass Transition Temperature I Crystallization Temperature I 
Melting Point 1 Decomposition Temperature I Cellulose Acetate Solid I 
DSC I TG I X-Ray Diffractometry I 

Since Ueberreiter1 attempted to determine 
the second order transition temperature of 
cellulose diacetate and triacetate (CTA) by 
dilatometry, the thermal analysis of cellulose 
acetate (CA) solids has been energetically car
ried out using various methods, such as 
DSC,2 - 4 DTA,5 ·6 the dilatometry,9 - 15 and 
mechanical methods. 12•13 However, the CA 
polymers used, except for those measured by 
Cowie and Ranson,2 were unfractionated and 
their average-molecular weights were not de
termined. Consequently, the molecular weight 
dependence of the glass transition temperature 
(Tg), the crystallization temperature (Tc), the 
melting point (Tm), and the onset of decom
position (Td) have not yet been clarified. In 
addition, the dependence of Tg, Tc, T m' and Td 

on the total degree of substitution ( has 
not been reported since research work has 
been directed primarily to CA, with a very 
limited range of i.e., > 2. The re
lationship between thermal characteristic tem
perature and is of paramount importance 
to the molecular design of CA fibers with high 
thermal stability that would render them suit
able as flameproofing materials. Recently, suc
cessive solution fractionation (SSF) has made 
it possible to prepare CA with relatively nar
row molecular weight distribution (Mw!Mn= 
1.2-1.5, Mw, and Mm the weight-average- and 
number-average molecular weights ). 16 - 19 

In this article, we determined the Tg, Tc, T m, 

and Td of fractionated and unfractionated CA 
having different using DSC, TG, and 
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the X-ray diffraction method. The effects of different {F::J> values reported in previous pa-
{F::J> and average-molecular weight on Tg, Tm, pers, 16- zo except some CA(2.92) fractions, 

and Td of CA are discussed. were used. {F::J> and the average probability of 
substitution of the hydroxyl group attached to 

EXPERIMENTAL the ck (k = 2, 3, 6) position in a pyranose ring 
and {fk::P of whole polymers were determined 

(1) Sample Preparation by chemical analysis and 1 H and 13C NMR, 
CA whole polymers and fractions with four respectively. 21 Table I lists the molecular char-

Table I. Molecular characterization of the cellulose acetate samples 

Sample Fraction or Molwt 
No. whole polymer x 10-4 

2.92 TA3-1 Fd 4.7 (M,') 
TA3-2 F 12.6 (Mv) 
TA2-7 F 14.9 (Mw) 
TA3-3 F 19.7 (M,) 
TA3-4 F 22.2 (MJ 
TA3-5 F 35.0 (MJ 
TA3-6 F 35.9 (M,) 
TA3-7 F 45.6 (M,) 
TA3-8 F 58.3 (M,) 
TA2 W' 23.5 (Mw) 

2.46 EF3-4 F 5.3 (Mw) 
EF3-6 F 7.4 (Mw) 
EF3-8 F 10.0 (Mw) 
EF3-9 F 
EF3-10 F 10.8 (Mw) 
EF3-12 F 14.1 (Mw) 
EF3-13 F 15.6 (Mw) 
EF3-14 F 18.5 (Mw) 
EF3-15 F 26.5 (Mw) 
EF3 w 12.0 (Mw) 

I. 75 KS2-1 F 2.1 (Mv) 
KS2-2 F 3.75 (Mw) 
KS2-4 F 5.53 (M,) 
KS2-5 F 5.54 (Mw) 
KS2-7 F 7.72 (M,) 
KS2-9 F 10.0 (Mw) 
KS2-10 F 13.1 (Mw) 
KS2 w 

0.49 MA-3 F 4.55 (Mw) 
MA-6 F 6.76 (Mw) 
MA-8 F 7.94 (M,J 
MA-IO F 10.8 (Mw) 
MA-ll F 11.1 (Mw) 
MA-13 F 14.5 (Mw) 
MA w 

a Total degree of substitution. h Weight-average molecular weight. 
' Number-average molecular weight. d Fraction. 
' Viscosity-average molecular weight. r Whole polymer. 
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Mwb/M_' ref 

This work 
This work 

1.30 16 
This work 
This work 
This work 
This work 
This work 
This work 

16 

17 
1.25 17 
1.31 17 

17 
1.26 17 
1.19 17 
1.26 17 
1.38 17 
1.30 17 

17 

20 
1.36 20 

20 
20 
20 

1.39 20 
20 
20 

18 
1.30 18 
1.31 18 

18 
18 

1.28 18 
18 
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actenstics of all the samples. CA(0.49) and 
CA(l.75) were synthesized by hydrolysis of the 
CA(2.46) whole polymer with HCl in an acetic 
acid solution. 17 ·18 All CA fractions were pre
pared by the SSF method. For the fraction
ation of CA(2.92), a mixture of 1-chloro-2,3-
epoxypropane as a solvent and n-hexane as a 
precipitant was used, as proposed by Kamide 
et a/. 15 The viscosity-average molecular weight 
M" of the CA(2.92) fractions was estimated 
using the Mark-Houwink-Sakurada equation 
of the CA(2.92)/N,N-dimethylacetamide 
(DMAc) system at 25°C. 16 Before measure
ment of DSC and TG, each sample was 
dryed at 1.3 Pa and 310 K for 2 days. The 
water content in the dried samples MA-14, 
EF3-12, TA2-7 was 0.98, 0.81, and 0.74± 
0.05%, respectively. 

(2) DSC and TG Measurements 
DSC measurements were performed with a 

Perkin-Elmer Differential Scanning Calorim
eter-type II, at a constant N2 flow-rate (30 cm3 

min - 1) and temperature ranging from 340 to 
600 K. TG was carried out on a Shimadzu 
TGA-30 M (Shimadzu, Kyoto) running N2 

gas at a rate of 50 cm3 min - 1 . The heating 
rate (HR) in the DSC and TG measure
ments was generally lOK min- 1 . 

(3) X-Ray Diffraction 
Phase transition of the CA(2.92) fraction 

(TA3-4) and CA(2.46) fraction (EF3-14) in 
the temperature range of 293-577 K was 
examined by the X-ray diffractometer RU-200 
PL (Rigaku Denki, Tokyo) equipped with a 
heating cell.22 Copper Ka radiation, mono
chromatized by Ni filter was used. The diffrac
tion intensity was measured at 28 = 4-30°. 

RESULTS AND DISCUSSION 

CA(2.92) 
The DSC curve of the CA(2.92) whole poly

mer and fractions is shown in Figure 1. 
In all samples, a baseline shift toward the 
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Figure 1. Differential scanning calorimetry (DSC) 
curves of CA(2.92) fractions (1-6) and a whole poly
mer (7) at the heating rate I 0 K min_,. I, viscosity
average molecular weight M,=4.7x10"; 2, M,= 
1.97 X 105 ; 3, M, =2.22 X 105 ; 4, Mv= 3.59 X 105; 5, M,= 
4.56 x 105 ; 6, M,=5.83 x 105; 7, weight-average molec
ular weight Mw=2.35 x 105 • 

endothermic side corresponding to the glass 
transition was observed between 440 and 
480 K. The inflection point in the baseline shift 
was defined as Tg. In each DSC thermogram of 
the fractionated samples, an exothermic peak 
appeared at about 30 K higher than Tg. The 
fractionated samples investigated here (sample 
TA3-3 with Mv= 1.97 x 105 and samples TA3-4 
with Mv = 2.22 x 105) had very sharp endother
mic peaks at 546 and 567 K, respectively. The 
Tg of CA whole polymers with 2.9 
determined by the DSC was reported to be 
451---454 K (HR = 20 K min - 1 ) 2 and these val
ues are similar to the Tg of CA(2.92) whole 
polymers ( = 460 K) observed in this study. 

Figure 2 shows the relation between Tg from 
DSC and Mv for the CA(2.92) fractions. Tg 
increased with an increase in M" in the range 
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Figure 2. Glass transition temperature T• of CA(2.92) 
fractions as a function of the viscosity-average molecular 
weight Mv. 
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Figure 3. DSC curves of CA(2.92) fraction (TA3-4) 
with Mv=2.22 x 105 at a heating rate from 5 to 
40 K min - 1 . Number on each curve denotes heating rate. 

of Mv:::;;3.5 x 105 and became constant (467K) 
at Mv 3.5 x 105 within experimental error. 
Similar molecular weight dependence of Tg 
was reported for cellulose tricarbanilate, amy
lose triacetate and amylose tripropionate.23 

Figure 3 shows the effects of heating rate on 
the DSC curve of the sample T A3-4. In this 
case, HR varied from 5 to 40 K per min. Tg 
and the exothermic peak shifted to the higher 
temperature side at higher HR. Figure 4 de
picts the DSC curves of fraction TA3-4 heat
ed from room temperature to 510 K at a 
rate of 10 K min -l (curve 1 in the figure) 
followed immediately by cooling to room tem
perature at the same HR as recorded in curve 
1 '.The exothermic peak at 483 Kin the curve 1 
disappeared in the course of cooling and never 
appeared again in subsequent cycles of heating 
and cooling. Curves denote the DSC 
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Figure 4. DSC curves of the CA(2.92) fraction (T A3-
4) with Mv=2.22x 105 at a heating rate lOKmin- 1• I, 
curves in heating process; 1', cooling immediately after 
heating (curve !); 2-8, repeating order of cycle and 
curves during heating. 

curves during heating at a giVen number of 
cycles. 

The X-ray diffraction patterns of the frac
tion T A3-4 at five temperatures are shown in 
Figure 5. The diffractogram at 293 K has 
relatively sharp peaks at 28 = 7.1, 8.4, 17, and 
20.6°, indicating the crystal CTA II type24 

structure. The diffractogram at 448 K was 
almost the same as that at 293 K. At 498 and 
517K the intensity at 28=8.4, 10.0, and 12.2° 
increased and two new peaks appeared at 28 = 
15.8 and 17.8°. We evaluated the diffraction 
intensity, a measure of crystallinity, from the 
area under the peaks of the diffractogram 
between 28 = 5 and 30°. Here the X-ray diffrac
tograms in the figure were redrawn with 
smooth lines to eliminate the noise and the 
baseline was conventionally drawn to pass 
through the point at 28 = 5 and 14 o and 28 = 14 
and 30°. Figure 6 shows the relation between 
the ratio of diffraction intensity at various 
temperatures to that at 293 K (we denote this 
ratio as DIR) and the temperature for 
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Figure 5. X-Ray diffractograms of the CA(2.92) frac
tion (TA3-4) at temperatures from 293 to 577 K, 28, 
diffraction angle. Number to each curve denotes 
temperature. 
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Figure 6. Relation between diffraction intensity ratio 
(DIR) estimated from the X-ray diffractograms of 
CA(2.92) and CA(2.46) and temperature. -0-, 
CA(2.92) fraction, ---•---, CA(2.46) fraction. 

CA(2.92) (solid line). DIR of CA(2.92) frac
tion at 498 K was about 30% higher than that 
at 293 K and reached a maximum near 490 K. 
The increase in X-ray diffraction intensity of 
the CT A solid with annealing was also re
ported by Sprague et a/. 25 and Creely and 
Conrad. 26 These results indicate the exother
mic peak at 478 K in DSC curve of the 
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fraction T A3-4 is caused by crystallization. 
The temperature of crystallization of CA(2.92) 
was about 30 degree higher than Tg, cor
responding to the so-called "cold crystalli
zation" first observed for undrawn poly
(ethylene terephthalate) fibers. 27 Above about 
490 K, the crystallinity decreased monoto
nously and in the diffractogram at 577 K, all 
peaks disappeared and only an amorphous 
hallow remained. We may thus conclude the 
endothermic peak of DSC at about 564 K to be 
T m. This T m value is very close to those of two 
fractions (fraction code W.366 ( = 2.86, 
Mn= 1.63 x 105) and W.325 =2.88, Mn= 
5.3 x 104 )) (566 and 576 K, respectively) mea
sured by Cowie and Ranson2 using DSC at 
HR = 20 K min -l. Patel et al. 6 regarded the 
endothermic peaks at 543 and 533 K in the 
DTA curves (HR= lOK min- 1 ) of CA(3.0) 
and CA(2.94) whole polymer films as Tm. 
These are about K lower than those 
from our results. The CA films used by Patel 
et al. were prepared by evaporating the sol
vent (CHC13) from the solution. There is a 
possibility that the crystallinity and the per
fectness of the crystals of their sample are 
lower than those in this study. 

CA(2.46), CA(1.75), and CA(0.49) 
Figures 7-9 show the DSC curves of 

some fractions and whole polymers of CA
(2.46), CA(1.75), and CA(0.49). The DSC 
curves of the CA(2.46) fractions have the 
baseline shift to the endothermic side in the 
range of 450-480 K due to the glass tran
sition. However, in the case of the whole 
polymers, no remarkable shift in the DSC 
curve was detected. The fractions with M w = 
1.08 x 105 and 1.85 x 105 have a small exo
thermic peak at a temperature about 20 K 
higher than Tg. All of the samples of CA
(2.46) have the sharp endothermic peak in the 
range 500-510 K, and the fractions with 

1.41 x 105 have another endothermic 
peak (in the case of M w = 1.08 x 105 and 1.41 x 
105 , a shoulder) at about 520 K. 
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Figure 7. DSC curves of the CA(2.46) fractions 
(1-6) and a whole polymer (7) at a heating rate of 
IOK/min. I, Mw=5.3 x 104 ; 2, Mw=7.4x 104 ; 3, Mw= 
1.08x 105 ; 4, Mw=l.41 X 105; 5, Mw=l.85x 105; 6, 
Mw=2.65 X 105 ; 7, Mw= 1.2 X lOs. 

The DSC curves of the CA(l.75) fractions 
and whole polymers also have Tg in the tem
perature range from 480 to 500 K and an 
endothermic peak at about 510 K. The 
CA(0.49) fractions and their whole polymers 
have Tg at 500-530 K, but no endothermic 
peak at about 500-510 K, which appeared for 
the CA(2.46) and CA(l. 75) polymers, was 
detected. 

Tg of CA with from 2.2 to 2.8 reported 
in literature scattered a little, depending on 
the measuring method. For example, Tg of 
the CA(2.47) whole polymer was reported at 
491 K by DSC,5 and that of the CA whole 
polymer with from 2.23 to 2. 75 at 453-
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Figure 8. DSC curves of the CA(l. 75) fractions 
(1-7) and a whole polymer (8) at a heating rate of 
IOKmin-l I, M,=2.1 x 104 ; 2, Mw=3.75 x 104 ; 3, 
M,= 5.53 X 104 ; 4, Mw= 5.54 X 104 ; 5, M,.= 7. 72 X 104 ; 6, 
Mw= 1.00 X 105; 7, Mw= 1.31 X JOS. 

476 K by mechanical methods. 12 · 13 By dila
tometry, a second order transition was ob
served at three temperature ranges, 288, 15 

310-340, 11 - 13 ·15 and 360-390 K 11 - 13 ·15 . 

Unfortunately no experiment using dilatom
etry could be carried out at a temperature 
higher than 450 K, at which Tg was reported by 
the previous two methods. 

DSC and DT A data in the literature on CA 
with smaller than 2 are very few. Patel et 
a/. 6 carried out DT A analysis on CA(1.60) and 
CA(0.9) whole polymers, but failed to detect 
the Tg of these polymers. 

Figure 10 shows the relation between Tg of 
CA(2.46), CA(l.75), and CA(0.49) fractions 
and their molecular weights. Tg of CA poly
mer was mainly determined by and was 
independent of the average-molecular weight. 
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Figure 9. DSC curves of the CA(0.49) fractions 
(1-6) and a whole polymer (7) at a heating rate of 
IOKmin- 1. I, Mw=4.55x 104 ; 2, Mw=6.76x 104 ; 3, 
Mw=7.94xl04 ; 4, Mw=l.08xl05 ; 5, Mw=l.llx!05 ; 

6, Mw= 1.45 X 105 . 
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Figure 10. T• of CA(2.46), CA(l.75) and CA(0.49) 
fractions determined by DSC as a function of molecular 
weight. 0, CA(2.46); L:,, CA(l.75); 0, CA(0.49). 
Numbers on the lines denote total degrees of 
substitution. 

Averaged Tg values of CA(2.46), CA(l. 75), 
and CA(0.49) were 472.5, 489.5, and 511.5 K, 
respectively. 

Figure 11 shows the X-ray diffractograms of 
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Figure 11. X-Ray diffractograms of the CA(2.46) frac
tion (EF3-14) at temperatures from 293 to 540 K. Curve 
numbers denote temperature. 

a CA(2.46) fraction (EF3-14) at various tem
peratures. The diffraction curve at 293 K is 
almost the same as that of the CA(2.92) poly
mer at 293 K, indicating the crystal form of 
CA(2.46) also to be CT A-11. In the tempera
ture range from 293 to 473 K, the diffraction 
intensity between 28 = 7.1 and 17o increased 
with an increase in temperature. The relation 
between DIR and temperature is illustrated by 
the broken line in Figure 6. DIR reached a 
maximum at about 490 K. A small exothermic 
peak in DSC curve of CA(2.46) fractions 
with Mw= 1.08 x 105 and 1.85 x 105 at near 
490 K resulted from crystallization. Above 
490 K, DIR decreased remarkably and in this 
temperature region, there was an endother
mic peak in DSC curve of CA(2.46) frac
tions. In the diffractogram at 540 K, there 
remained small peaks at 7.1 and 16°, and 
DIR at this temperature was 0.75. The 
CA(2.46) fractions may have multiple melt
ing points as in the case of some synthetic 
polymers, such as heat treated polypropylene28 

and polyethylene.29 One melting point of the 
CA(2.46) fractions was about 500 K (we de
note this point as r:n). Other melting 
points were higher than 550 K. 

Following the same line of the above dis
cussion on CA(2.92) and CA(2.46), we can 
speculate that the endothermic peak observed 

925 



K. KAMIDE and M. SAITO 

' 
g 0.9.-----------_\ __ ./ 

b) 
Ill -
> ... 
"' ... -.c ... 
< 

l 
Tdi f 

I 

' ---------- --- -"' 
4 6 

Figure 12. Thermogravimetry (TG) and differential 
thermogravimetry (DTG) curves of the CA(2.92) (M w = 

1.49 x 105), CA(2.46) (Mw= 1.41 x 105) and CA(0.49) 
(Mw= 1.45 x 105) fractions. Solid line, TG curve; broken 
line, DTG curve. Tct, temperature at start of 
decomposition. 

at 510-520K in the DSC curve of CA
(1. 75) (Figure 8) corresponding to the melt
ing point. Figures 7 and 8 suggest that T m of 
the CA(2.46) and CA( 1. 7 5) fractions is almost 
independent of molecular weight. 

Figure 12 depicts the TG and DTG curves 
of the CA(2. 92), CA(2.46), and CA(0.49) frac
tions. Tct of the CA(2.92), CA(2.46), and 
CA(0.49) fractions determined from these 
curves was 524, 508, and 483 K, respective
ly. Tct very slightly increased with increasing 
molecular weight and Figure 13 illustrates 
the case of the CA(2.46) fractions, where 
dTctfdMw was 8x 10- 5 K. 

Effects of {.F); on Tg, Tm, and Td 
Figure 14 shows the plots of Tg and Tm, 
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Figure 13. Td of CA(2.46) fractions determined by TG 
as a function of weight-average molecular weight M w· 
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.'D-...- . ----
Td 
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0 2 3 «F>> 
Figure 14. Total degree of substitution «F)) depen
dence ofT., Tm, determined by DSC and Tct by TG. 0, 
Tg; l::,., Tm; 0, Td. Solid line, T.; broken line Tm; chain 
line, Tct. 

determined by DSC and Tct by TG as a 
function of Here, if the molecular weight 
dependence cannot be neglected, as in the case 
of Tg of CA(2.92), the value at Mv = 1 x 105 can 
be employed. T:U was plotted as Tm of 
CA(2.46). Tct of regenerated cellulose (i.e., Tct 
at = 0) was measured by Kamide et al. 30 

by TG under the same conditions as those 
used here. Tg of CA increased almost linearly 
with a decrease in as follows 

(1) 

Recently, Kamide et a/. 31 succeeded by the 
infrared absorption method in estimating 
separately the intra- and inter-molecular in
teractions between 0-acetyl and OH groups 
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Table II. r., T,, Tm, and Tct of cellulose acetates determined in this study 

Fraction or 
Thermal characteristic temp/K 

{FY 
whole polymer r. T, Tm Tct 

Frab 459-467 482-492 564, 567 525 
2.92 

WP' 460 nmct nm 
Fra 473e 490 502-509 497-516 

2.46 
WP 480 500 nm 
Fra 490e 513-519 nm 

1. 75 
WP 489 514 nm 
Fra 512e 472 

0.49 
WP 520 nm 

a Total degree of substitution. b Fraction. ' Whole polymer. 
rl Not measured. e Average value of all fractions. 

and/or between 0-acetyl or between OH 
groups for CA(2.92) and CA(2.46). «:F:» de
pendence of Tg for CA fractions suggests the 
strength of the interaction between 0-acetyl 
and OH groups or between OH groups to be 
stronger than that between 0-acetyl groups. Tg 
of cellulose, as an asymptotic value obtained 
by extrapolating Tg vs. «:F:» curve to «:F:» = 0 
was 523 K. Mana be et al. 32 measured some 
isochronal dynamic viscoelasticities of re
generated cellulose fiber at frequency of 
110Hz, observing three absorption peaks at 
298 K (they denoted as txH 20), 513 K (tx2), 573 K 
(tx1) and one shoulder at 393 K (txsh). The tx2 

peak was due to the relaxation caused by 
microbrownian motion of the polymer mol
ecules except for the tautly tied molecules in 
the amorphous region. 32 The asymptotic Tg 
value at «:F:» =0 was close to 513 K of tx2 

peak. 
T m and Td of CA became minimum at 

«:F:» c::::: 2.5 and c::::: 1, respectively. «:F:» depen
dence of Td suggests that the molecular in
teraction in CA solids influences the thermal 
degradation temperature. 

In summary, the Tg, Tc, Tm, and Td values 
of the CA fractions and whole polymers with 
«:F:» ranging from 0.49 to 2.92, determined in 
this study are listed in Table II. The CA(2.92) 
and CA(2.46) fractions have Tg, Tc (except 
some CA(2.46) fractions), Tm and Td. But in 
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the case of the CA(2.92), CA(2.46), CA(l. 75), 
and CA(0.49) whole polymers and all of 
CA( 1. 7 5) and CA(O .49) fractions Tc did not 
appear. The CA(0.49) polymer did not have 
T m• since Td is far below its melting point. Tg, 
Tm, and Td depend on «:F:» significantly, but 
are almost independent of average-molecular 
weight, except for Tg of the CA(2.92) frac
tions. 
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