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Introduction

Fossil resources including petroleum have been widely used as industrial raw

materials for synthetic polymers and other compounds, as well as for energy

sources. However, their future availability is considered to be limited and the

countermeasures for the shortage of oil and natural gas are being investigated

invarious fields. As an approach to this problem, further developments in the

use of renewable resources are desired. Cellulose is a renewable resource which

is produced in the largest quantities on the earth and is the basis of the variety

of technical products such as fiber, paper, plastics, additives, etc. In most of

such end-use applications of cellulose, it is necessary first to dissolve cellulose in

some manner and then to re-form it from solution into the desired products.

However, since the dissolving process of cellulose has been either cumbersome

or expensive as compared to raw material, cellulose has not yet reached to its
potential utility in many areas of application.

In recent years, new organic solvent systems for dissolving cellulose have

been developedl- 3), partly including lithium chloridejdimethylacetamide (LiClj

DMA)4>, N-methylmorpholine-N-oxide (MMNO)5), dinitrogen tetroxidejdimethyl

formamide (N 20 4 jDMF)6), paraformaldehydejdimethyl sulfoxide (PF jDMSO) 7>,

sulfar dioxidejdiethylaminejDMSO (S02jDEAjDMSO)8,!J>, and chloraljDMSOlO).

In applying these solvents, regeneration of cellulose for fiber production,

co-regeneration of a mixed polymer systems for novel cellulose-polymer blends,

liquid crystal formation of cellulose in solution etc. have been investigated3
).

The dissolving of cellulose can provide another mode of flexibility in preparing

novel cellulose derivatives. While the derivatization of cellulose has chiefly been

carried out so far as heterogeneous reaction, the use of above solvent systems

opens a route to uniform cellulose derivatization which can produce new kinds

of cellulose derivatives. For example, cellulose sulfate prepared in N 20 4jDMSO

medium is quite different in nature from those of sulfates prepared by heterogeneous

meansll). The reaction in MMNO 'gives acetyl and cyanoethyl cellulose which are

soluble in waterI2), Chlorodeoxycellulose was obtained using chloraljDMSO

systeml3), Tri-substituted product of benzy1cellulose is produced by the reaction

in S02jDEAjDMSO systeml4). In addition, methylation, carboxymethylationl5>,

silylationl6 >, and acetylation17,18) in PF jDMSO medium has been reported.

In relation to the development of these new derivatives, it is predicted that

the utilization of cellulose derivatives as plastic materials would increase still

more in future. Therefore, systematic studies on their physical properties, especially

viscoelastic properties are necessary, However, little work has been reported so

far on the viscoelastic properties or molecular relaxation processes of cellulose
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derivatives as compared with those of synthetic polymers.

The present studies are initiated to clarify systematically the relaxation

processes for the cellulose derivatives in a molecular level. This is a three-part

article. PART I describes relaxation processes in a series of conventional cellulose

acylates. Although this series is one of the most important cellulose derivatives,

little has been known for their relaxation mechanisms so far. The samples

examined were prepared by trifluoro acetic anhydride-fatty acid esterificationw .

In contrast to this, PART II discusses relaxation processes for a series of acylated

cellulose prepared by using PF jDMSO medium. Polymers in this series are

substantially different in character from conventional series of the acylates. In

PART III, application of PFjDMSO medium to cyanoethylation of cellulose is

introduced. The resulting products are quite different in physical properties from

the conventional cyanoethylcellulose, and are characterized on the basis of the

result sobtained in PART II. All the samples examined are almost tri-substituted

cellulose derivatives.

Two types of relaxation measurements are employed in this study. One is

dynamic m~chanical measurement. This is the most universal method of all, since

it can determine a. change in mobility of almost all sorts of motional units. The

other is dielectric measurements. This can be performed over a wide frequency

and temperature range, and it provides relatively complete information on

molecular motions based on relaxation phenomena.

PART I Cellulose Acylates

1. Mechanical relaxation process~ss of cellulose acylates

Most attention to the dynamic mechanical properties of polymers In a senes

of cellulose acylates has centered around the acetate20- 23), since it is the most

important member of the series in view of its industrial application. However, if

we can understand characteristics of the relaxation processes of the wide variety of

the acylates, it serves for constructing a fundamental view for both existing and

potential cellulose derivatives. Klarman et al.24) reported dynamic mechanical

properties of the homologue of the acylates. However, the detected relaxation

processes and their assignments appear to be unclear. This is partly because of

the fact tht the samples examined were supplied by various companies, and thus

they seem to be somewhat different in nature.

The present chapter describes dynamic mechanical properties of homologue of

cellulose acylates from the propionate to the decanoate measured over a wide

temperature range25). All the samples employd in this experiment are prepared by

trifluoro acetic anhydride-fatty acid esterification, which is conisdered to be- suitable
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for this experiments, smce it induces no notable cellulose degradation and results

in pure and colorless products26). In the following, the dynamic mechanical

properties for filmed specimens were measured with a direct reading viscoelasto

meter. Complex modulus and loss tangent were measured in the temperature range

from -190°C to 200°C at four constant frequencies of 3.5, 11, 35, and 110 Hz.

The programmed heating rate was about IOCjmin. The size of specimens was

0.2 mm thick x 2 mm wide x 4 cm long for measurements in the temperature range

from -190°C to 30°C, and 1 mm thick x 2 mm wide x 2 cm long in the range from

30°C to 200°C.

1.1 Classification of the processes detected

The results of dynamic modulus E', loss modulus E" and loss tangent tan 0
at 100 Hz as a function of temperature for cellulose butyrate are presented in

Figure 1-1. With respect to E", four relaxation processes are detected within the

experimental frequency and temperature ranges, being labelled am, pm, p'm and

rm processs in order of decreasing temperature at which they were detected.

These four processes were also observed for the valerate and the decanoate in the

temperature range between -190°C and 150°C at 110 Hz. However, the rm process

for the propionate and the p'm process for the decanoate were not observed. On

the contrary, a relaxation process, labelled r'm, for the propionate in the temperature

range below -150°C was detected, which was not recognized for the other acylates.

In the following, the relaxation mechanism for these am to rm' processes are

1.0

-Ql
::I

0.1 Co:>

0.01

-200 -100 o 100
T(OC)

Fig. 1-1. Temperature dependence of dynamic modulus E'. loss modulus E",
and loss tangent tan i5 at 110 Hz for cellulose butyrate.
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discussed in sequence.

1. 2 The am process

Figure 1-2 shows the changes in E' at 35 Hz above room temperature for the

acy1ates from propionate to decatlOate. In the temperature range of the am process,

a remarkable drop in E' is recognized. Especially, that for the acylates from

valerate to decanoate extends by three orders in magnitude. Furthermore, the

maximum tan 0 values in the am process for all the acylats were nearly equal to

unity. These facts mean that this process is related to the glass-rubber transition,

and so the am process is assigned to a micro-Brownian motion of the main chain

of the acylates. The apparant activationenergy.dE for the am process was 55 to

121 kcaljmol, which is of the order of the principal dispersion. The temperature

locations of E" maxima in the am process, which is considered to be almost equal

to the glass transition points T g , are denoted by arrows in Figure 1-2. The T g

for the acylates apparently shifts to lower temperature region with increasing the

number of carbon n in the indroduced acyl group. This phenomenon can be

interpreted as follows: the increase iIi the molecular size of non-polar n-alkyl

groups causes decreased interaction of dipolar ester group, thus facilitating the

chain backbone motion. The effect is similar to that produced by the additin of

10
10

roe
~ II
C 10
>-

.:!!
w

15050 100
T (·e)

Fig. 1-2. Temperature dependence of dynamic modulus E' at
35 Hz for the acylates from propionate to decanoate.
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plasticizer. However, the T g seems .to level off when n reached to about 6. This

trend is similar to the results of the dielectric relaxation of cellulose acylates.

However, this will be discussed later in Chapter 2. On the other hand, it is to be

noted that the T g for poly-n-alkyl methacrylates decreases continuously with

increasing n, reaching -65°C for poly-n-dodecyl methacrylate27). This difference

between cellulose acylates and poly-n-alkyl groups in the side chain, may be

attributed to the different structure of the frame work; the former being bulkier

than the latter. As is well known, the T g of polymers is strongly dependent of

their molecular weights. Therefore, the comparison of T g for the acylates should

be made for the samples having same order of molecular weight. All the samples

prepared in this experiment gave molecular weight of the order of 105 (See 2. 1),

and so the results obtained are considered to be reasonable. In Figure 1-2, a

rise in E' with temperature in the region just above T g was recognized for the

propionate. This rise in E' means the development of a structure which could

support stress elastically, i.e. the crystallization of the sample24 ,28). This phenomenon

was also observed for the other acylates.

1. 3 The fjm process

The 13m process for the butyrate appeared III the temperature region at around

-50aC in the E" versus temperature curves shown in Figure 1-1. To compare

the absorption magnitude in the 13m process among the acylates, tan 0 curves should

be used instead of E" curves, because it is considered that tan 0 corresponds to

1.5
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Fig. 1-3a. Temperature dependence of tan lj

at II Hz for the acylates from
propionate to decanoate.
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Fig. 1-3b. Temperature dependence of £' at
II Hz for the acylates from pro
pionate to decanoate.
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the specific loss, the ratio of the energy dissipated to the energy stored per quarter

cycle, while E" corresponds to the absolute energy dissipated. The plots of tan 0

and E' at 11 Hz against tamperature for the acylates in the temperature region of

the ~m process are shown in Figures 1-3a and 1-3b, respectively. The ~m peak

increases in height with increasing n. Corresponding to this, the relaxation

magnitude increases with increasing n as shown in Figure 1-3b. In particular,

E' value for decanoate falls from 1.5 x 1010 dynJcm2 . to 1.8 x 109 dynJcm2 as the

temperature rises from -100oG to -20°C. The plots of logarithm of the frequency

at tan 0 maximum against the Feciprocal of absolute temperature are shown in

Figure 1-4. There is a linear relationship between them. The value' of LIE

2.0

~u:1.0

.1£ (keal/mol)
o propionate 8.3

o butyrate 12.6

A valerate 14.3

<> hexanoate 18.7
• deeanoate 21.6

.0

5.04.0
1-1

X 10
3

( It)
Plots of logarithmic frequency (F) against the reciprocal
of absolute temperature (T-1 ) at tan 0 maximum for the
~m process.

Fig. 1-4.

calculated from the slopes are also shown in the Figure. Obviously, the value

increases with increasing n and that for (cellulose) decanoate seems to be somewhat

large compared to that quoted usually for polymers in the glassy state. It should

be emphasized that tan 0, LIE and relaxation magnitude, increase with increasing

the side chain length. From these findings, it is considered that the ~m process is

due to the side chain motions of the acylates. A possible explanation for the

motion of the side chain is as follows: when the side chain length is short as in

(cellulose) propionate, the motion of molecular segment responsible for the ~m

process may be restricted only to the hindered rotation or the twisting. In tihs

case, LIE for the motions is considered to be fairly small. On the other hand,

when the side chain length is long. enough as in the decanoate, a short range

diffusional motion of the segments along the side shain, similar to a micro-Brownian

motion along the main chain, may result in the ~m process, which requires large
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LlE. Therefore, it may be considered that the motion of the side chain responsible

for the (3m process shifts from the hindered rotation or the twisting to the short

range diffusional motion with increasing the side chain length.

1. 4 The p'm process

In Figure 1-3a, a shoulder at about -lOOoe occurs in tan 0 versus temperature

curve. This process labelled (3'm has appeared more distinctly in E" versus

temperature curves than in tan 0 versus temperature curves as shown in Figure

1-5, in which E" is plotted in arbitarary scale over the temperature range from

-150oe to 200e at 11 Hz.

::w

decanoate

hexanoate

1.0

valerate

butyrate

propionate

-100 0
TC'C)

Fig. 1-5. Temperature dependence of loss
modulus E" at 11 Hz for the
acylates from propionate to de
canoate.

o- 2'=oo:::-------c-l~O=O,---------O!---
T ('C)

Fig. 1-6. Temperature dependence of loss
modulus E" at 11 Hz for cellulose
propionate. L,: immersed in water,
0: dried at 80°C for 40 hr in vacuo.

The (3'm peak, which is clearly observed for the propionate, becomes less

distinct as n increased and at last merged completely into the (3m peak for the

detanoate. In order to assign the (3'm process, the effect of water on the process

for (cellulose) propionate was investigated and the results are shown in Figure 1-6.
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As is evident from the figure, it can be seen that the Wm process is independent

of water absorbed. In this connection, it was found that the ~m process was also

independent of water. From this fact~ the cause of ~'m process should be attributed

to the molecular motion of the acylates themselves. It can be considered that

there is a remarkable difference in the degree of freedom of the motion of the

side chains introduced at C-6 and C-2 or C-3 positions of a glucopyranose ring.

Therefore, it is plausible that the side chains attached to the different positions

cause substantially different relaxation mechanisms with each other. If the

difference in the relaxation time among these side chain motions exists, then the

resulting relaxation process ought to be different. Therefore, the Wmprocess as

well as ~m process may be due to the motion of the side chain.

1. 5 The rm process

Figure 1-7 shows the variation of E" with temperature for the acylates from

I
W

hexanoate

valerate

butyrate

propionate

acetate

'-- ----.,.,':-=--__----1

-200 -150 -100

Tee>
Fig. 1-7. Temperature dependence of loss modulus E" at 11 Hz

for the acylates from acetate to hexanoate.
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acetate to hexanoate in the temperature range from -190°C to -100°C at 11 Hz.

The relaxation process labelled rm is detected for the higher homologues above

the butyrate at around -180°C. However, the process is not recognized for both

the acetate and the propionate in the temperature range examined. By using the

mechanical experiments, many investigators have reported that a relaxation process

occurs in the temperature range from -100°C to -200°C at low frequencies for

polymers involving at least three methylene groups (-CHz-) in a row. Te 11E for

the rm process is calculated to be about 6.3 kcal/mol which is comparable to the

values obtained for the polymers mentioned above. From these facts, the rm

process can be ascribed to the motions initiated by -CHz-CHz-CHz- parts of the

side chain. It is of interest to note that E" for the propionate increased with

decreasing temperature in the range from -I50aC to -190°C. For the propionate,

the rm process can occur no longer because of the absence of -CHz--CHz-CHz

portion in the side chain. However, in this case, the motion due to -CHz-CHz

part may exist. Supposing that the r'm process results from the motion of

-CHz-CHz- parts in the side chain, then it may occur in a lower temperature region

compared to that for the rm process, since the relaxation time for the motions of

-CHz-CHz- segments is considered to be shorter than that for the -CHz-CHzCHz

motions. Such being the case, the r'm process will not be observed for the acetate

which lacks -CHz-CHz- parts. In fact, no relaxation process similar to the r'm
process could be observed for the acetate in the corresponding temperature range.

Accordingly, it can be considered that the 1" m process is due to the motion
initiated by -CHz-CHz- parts of the side chain.

2. Dielectric relaxation processes of cellulose acylates

One of the useful procedures for assigning the molecular relaxation processes

of polymers is through altering chemical constituents systematically. In line with

this, many types of side chains were introduced systematically in the synthetic

polymers such as polymethacrylates or polyacrylates, and their relaxation

mechanisms were investigatedZ9 ,30). Poly-n-alkyl methacrylates, in particular, have

been studied extensively by using mechanical or dielectric measurements. In this

case, however, the glass transition (primary process) overlaps the secondary

transition (secondary process) which is due mainly to the side chain ~otion, for

a homologue with the side chain length longer than that for poly-n-butylmetha

crylate3D • This overlapping seems to arise from the similarity in both flexibility

and motional unit of the main and side chains. As shown in Chapter 1, however,

the primary (am) and secondary (13m, j3'm) processes for the acylates with a long

side chain appeared separately though n-alkyl groups are introduced in the side

chain as in poly n-alkyl methacrylates. This suggests that the flexibility of the
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mam chain which consists of bulky glucopyranose units, is more restricted than

that of the side chain.

From the above consideration; the study on the relaxation processes for the

acylates by introducing side chains longer than those in Chapter 1 is worth to carry

out. This chapter describes dielectric relaxation processes of thirteen kinds of the

acylates from the acetate to stearate32), in detail, in relation to the mechanical

processes examined in Chapter 1. The didectric measurements were made for

powdered samples pressed into uniform compact discs 5 cm in diameter and 0.7 mm

in thickness. Using a transformer bridge, dielectric constant and dielectric loss

were measured over the frequency range of 50 Hz to 1.0 MHz and the temperature

range of -190°C to 200°C. The melting of the acylates was observed by using a

thermomechanical analyzer (TMA) , in which a-column of the sample collapsed

under a plunger which was driven by a constant load of 3 kgfcm2, when heated

at a uniform rate of I°Cjmin. The TMA analysis is also employed in Chapters 3,
5, and 10.

2. 1 Characterization of the samples.

Table 2-1 shows the number of carbon introduced in the acyl side chain, n,

the degree of substitution, DS, the avarage molecular weight, M w, and the melting

point, T m , for a series of cellulose acylates from acetate to the stearate prepared.

TheMw values are of the order of about 105• The values of DS determined by

saponification method for the acylates up to n=8 exceed 2.8. However, determina.,

tion of DS by using saponification method became inaccurate for the acylates

above n=9. Therefore, instead of saponification method, DS of the samples

above n=9 was estimated by IR spectrometry.

Table 2-1. Characteristics of the acylates used

The Acyl ates n DS Mw T m COC)

Acetate 2 2.83 278

Propionate 3 2.96 1. 48 X 105 241

Butyrate 4 2.80 1. 77 X 105 189

Valerate 5 2. 79 2.15x 105 128

Hexanoate 6 2.83 2.15 X 105 110

Enanthate 7, 3.04 2.07 X 105 103

Octanoate 8 2.84 2.03 X 105 93

Pelargonate 9 3. 54x 105 87

Decanoate 10 2.32 X 105 102

Laurate 12 2.18x 105 112

Myristate 14 2.87 X 105 108

Palmi.tate 16 3. 98x 105 113

Steal'ate 18 6.91 X 10E 121
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I I I I

4000 2000 1500 1000

WAV E NUMBER(cni1)

Fig. 2-1. Infrared spectra of the acylates. n: the number of
carbons in the acyl side chain.

Figure 2-1 shows IR spectra for the valerate to the stearate. Absorption

intensity of OH stretching band in the vicinity of 3,600 cm-1 for the acylates above

n =9 is smaller than that for the valerate whose DS value is 2.79. From these

results, all the acylates prepared are thought to be almost fully acylated.

In order to define the melting point T m of the sample, comparisons of the

temperature were made as determined by the following two types of measurements.

One way is measuring the temperature, T mb at which the samples when heated at

a constant rate became quickly transparent under microscopic observation. The

second process is measuring the temperature T m2 at which the plunger in TMA

reached the bottom of the glass capillary, indicating transition from solid state to

liquid state. Both temperatures thus obtained coincided closely. Therefore, in this

report, both T ml and T m2 can be used as T m. In the table, T ml is shown as T m

of the sample.

Figure 2-2 shows the variation of T m (Tmb T m2) with n for the acylates. The

values of T m decrease abruptly with increasing n up to 5, i.e. they fall from 300°C

to 128°C as n increased from 2 to 5. However, even if additional acyl methylene

units were added in the formation of the higher homologues (n=6 or higher), T m

remains almost unchanged. In the same figure, the results of the acylates prepared
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n

Fig. 2-2. Dependence of the melting point (Tm ) on the number
of carbons (n) in the acyl side chain: (0) micrographic
observ ation; (.) TMA; (*) after MaIm et al.

by MaIm et a1.33) by using acid chloride-pyridine esterification are also shown.

Obviously, they are in fair agreement with those of auther's samples.

2.2 Contour diagrams of dielectric relaxatin

For the acylates characterized above, dielectric relaxation experiments were

carried out. Figure 2-3 and 2-4 give variation of the dielectric loss e" for the

valerate and the palmitate, respectively, as a function of the temperature and

frequency, i.e. cqntour diagrams. In these Figures, three types of relaxation processes

7

6

5
U.

~4
-'

3

2

~~oo -150 -1~0 ,-50 100
TcOc)

Fig. 2-3. Contour diagrams of the dielectric loss E" for the valerate as a function
of logarithmic frequency (F) and tampcrature (T). E" value given in
unit 10-4•
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7

6

",'"
5

U.
~4
-'

-150 -100 -50 0 50 100
TfOc)

Fig. 2-4. Contour diagrams of the dielectric loss elf for the palmitate as a function
of logarithmic frequency (F) and temperature (T). elf value given in
unit 10-4•

can be recognized, and they are labelled ad, pd' and rd in order of decreasing

temperature or in order of increasing frequency at which they were detected.

Also, for the butylate to the stearate three relaxation processes (ad, pd, and rd)

similar to those for the valerate or the palmitate are obtained. However, the ad

process for the acetate and the rd for both acetate and propionate are not observed.

On the contrary, a relaxation process) labelled r'd, is detected for the propionate.

It should be emphasized that the ad and the pd processes are observed separately

in the contour diagrams even for the acylates having a side chain with length long

enough as in the stearate; this is quite different from the case of poly-n-alkyl

methacrylate3D • In the following, the molecular mechanism for these ad to rd

processes will be discussed, in sequence, in relation to the mechanical processes

(am, pm, rm, and rm/) described in Chapter 1.

2. 3 The ad process

The ad process is observed in the higher temperature and in the lower

frequency region prior to the melting of the sample (Fig. 2-3 and 2-4). Regarding

the ad process, the value of apparent activation energy LlE for n from 3 to 6

decreases with increasing n, i.e. 160, 67, 58, and 50 kcaljmol, respectively, but for n

above 6, it remains at a constant value of about 50 kcaljmol. In connection with

the ad process, Mikhailov et al.24) found a process, having a LlE of 70 kcaljmol for

the acetate at a frequency of 10 kHz at 220°C by using dielectric measurements.

Judging from both the temperature frequency location and the LlE value, this

process can be classified as the ad process. Therefore, the ad process is thought to

appear in all the acylates examined. Corresponding to this, the location of the ad

process for each acylate is comparable to that of the am process described above.
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From these findings, the ad process as well as the am process are considered due

to the micro-Brownian motion of the main chain. Thus, the ad process is related

to the glass-rubber transition of the acylates. Accordingly, the temperature location

of e" maximum at a low frequency for the ad process can be regarded as a rough

measure, of the glass transition point T g of the sample. Corresponding to the

result for the am absorption at a low frequency in Chapter 1 (Section 2), the T g

thus defined shifts markedly to lower temperature with increasing n up to 6, because

these two reflect the same mechanism. However, the T g seems to level off when n

reached 6. These trends recognized for T g are parallel to those for the melting

, points of the sample (Fig. 2-2). On the other hand, it has been reported that the

T g for poly-n-alkyl methacrylates decreases continuously with increasing n, reaching

--'65°C for poly-n-dodecyl methacrylate27). This difference between cellulose acylate

and poly-n-aJkyl methacrylate, both involving long n-'alkyl groups in the side chain,

may be attributed to the different structure of the main chain; the former is bulkier

than the latter.

2. 4 The Pd process

As the acetyl content in cellulose increases, the relaxation process due to the

orientation of methylol groups becomes less distinct, but instead, the ~d process

appears 35). Many investigators have reported on the ~d process in acetate, and they

attributed this process mainly to the hindered rotation of the acetyl grouplS,20,36-3S).

As stated in Section 2.2, however, it should be noted that the ~d process is

recognized not ony for the acetate but also for all the other acylates examined.

This fact means that the ~d process reflects motions within the acyl groups. In

order to aSSIgn the ~d process, plots of logarithmic frequency at e" maximum
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Fig. 2-5. Plots of logarithmic frequency (Fm ) at E" maximum against
reciprocal of the absolute temperature T-l for the /3d process.
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against the reciprocal of the absolute temperature, i.e. transition map, for all the

acylates are shown in Figure 2-5. In the Figure, several plots which are discussed

in a later section (2.5) are not included. It is to be noted that all the resulting

plots are on one straight line. By means of least square method, this line IS

expressed by the equation,

log Fm = -2459T-l +12.91, (1)

with a correlation coefficient of 0.994. The Ll£ value calculated is 11.3 kcalfmol,

which is comparable to that reported for the ~d of the acetate36- 38). The finding

that the ~d process for all the acylates gives the same Ll£ and relaxation time

means that this process results from a dielectrically active common unit in the acyl

side chain. Such a unit is the oxycarbonyl groups attached to the glucopyranose

ring. Thus, it is concluded that the ~d process can be regarded as due to the

orientational polarization of the oxycarbonyl group in the side chain. Furthermore,

dielectric examination of 2, 3-di-O-acetyl-6-0-trityl cellulose reveals that the process

arises from the motion of oxycarbonyl groups which are introduced not only at

C-6 position but also at C-2 and C-3 positions of a glucopyranose ring39).

Concerning the acetate, however, my conclusion does not necessarily contradict

the assignments proposed by other investigators. Since the acetyl side chain is

substantially small in molecular size, the motion of oxycarbonyl groups in the

acetyl side chain cannot be distinguished from that of the acetyl side chain itself.

In fact, for the acetate the ~m process due to the side chain motion (see 1. 3) was

detected in the temperature and frequeny ranges comparable to those for the ~d

process22). Hence, the ~d process can be approximately attributed to the motion

of the side chain when it is small enough as in the acetate.

Table 2-2 shows Ll£, activatation entropy LlS, and activation freee nergy

LlF for both the ~d process of cellulose acylate and the process due to the motion

of methylol group of cellulose I and II. Apparently, the value of Ll£ for the two

types of molecular relaxation is the same. The LlS value for the ~d relaxation

is small as compared to that for the relaxation of the -CH20H group. This

indicates that the motion of oxycarbonyl group is somewhat restricted as

compared to that of the methylol group; this corresponds to the fact that the

Table 2-2. LIE, LIS and LIF for cellulose and the acylates

Samples Relaxation LIE (kcal/mole) LIS (eu) LIF (kcallmole)

I 10.1 9.3-10.2 7.5- 8.0
Cellulose* CHzOH group

II 10.6 9.8-10.4 7.6- 8.2
The Acylates (3d (n: 2-18) 11. 3 0.7- 3.6 9. 7-10.4

* Cellulose I=Whatman cellulose CF-ll; Cellulose II. prepared by saponifica
tion of the acetate.
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former appears in the higher temperature and lower frequency regions than the

latter.

2. 5 Micro-Brownian motion of the side chain

In order to obtain further information on the ~d process, the transition map

for the acylates above n= 12 is shown in Figure 2-6, in which several plots ommited

in the Figure 2-5 are also included. Plots for each sample in the lower temperatures

which were not on the line expressed by eq. (1) described above, instead, are lines

with greater slope than the line- one (1). In the Figure, the temperatures at the

intersecting points, To, between the line (1) and the other lines are denoted by

arrows. The To apparently shifts to ,a higher temperature region (-15, 12, 27,

and 34°C) with increasing n (12, 14, 16, and 18). This phenomenon is analogous

to the dependence of the glass transition temperature on the molecular weight.

The JE for the respective acylates in the temperature region below To becomes

somewhat larger than that above To, ranging from 18.6 to 20.4 kcal/mol. This

suggests that the orientation motion of the oxycarbonyl group becomes restricted

in the temperature range below To. Although the ~mprocess as well as ~'mare

not identical in relaxation machanism with the ~d process, the results of the

corresponding dynamic mechanical measurements in Chapter 1 are available, in

order to understand this phenomenon. In the case of the cellulose decanoate

(n= 10), the region in which ~m occured was at the temperature of about -60°C

and at frequency 11 Hz. This process was considered to reflect a micro-Brownian

motion of the side chain. Therefore, the freezing temperature of the side chain

for n= 10 can be thought to be about -60°C. On the other hand, when the
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Fig. 2-6. Plots of logarit hmic frequency (Fm ) at E" maximum
against reciprocal of. the absolute temperature T-I for
the (3d process for the samples n=12 and above.
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relationship between n and To is extrapolated into the case of n= 10, To could be

estimated to be -60°C. These findings indicate To to be the freezing temperature

of the micro-Brownian motion of the acyl side chain. Supposing that the side chain

froze in the temperature region below To, then the orientation of the oxycarbonyl

group which is a part of the side chain will be restricted. Hence, the .dE value

below To becomes larger than that above To.

2. 6 The r d and r'd processes

As was shown in Figures 2-3 and 2-4, the 7d process is detected in the lowest

temperat~re and the highest frequency region examined. The 7d peak decreases

gradually in height with an increase in n. Howev~r, this process is not observed

for samples with n=2 or 3, correspondi~g to the results of the 7m process for the

samples (See Section 1.5). Figure 2-7 shows the transition map for 7d above n=4.

The resulting plot for each acylate is expressed by a straight line and the .dE value

ranges from 5 to 8 kcaljmol. For n less than 7, lines are similar in location, but

for n greater than 8 they shift higher temperature with increasing n. The temperature

frequency location and the .dE value for the 7d process are comparable to those

for the 7m process. Accordingly, it is considered that both 7d and the 7m processes

are associated with the same molecular relaxation. In Chapter 1 (Section 5), the

7m process was ascribed to the motion initiated by three or more methylene groups

in the side chain. However, since methylene groups are non-polar, the motion of

the dipolar oxycarbonyl group adjacent to the methylene groups has to be included

in the 7d process. From this, both the 7d and 7m processes are thought to be due

to the motion of three or more methylene groups including the motion of the

oxycarbonyl group III the side chain. In this connection, the relaxation process
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Fig. 2-7. Plots of logarithmic frequency (Fm ) at e" maximum against
reciprocal of the absolute temperature T-1 for the rd process.
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which involves motions of dipolar component in addition to those of the three or

more methylene groups· has been already reported for many synthetic polymers

including poly-n-alkyl acrylate, poly vinyl esters, polyamids, and oxid~ polymers2'1);

However, auther's systematic experiments indicate that the rd process should be

regarded as due, at most, to the motion of -CHz-CHz-CHz- parts associated with

the motion of the neighbouring oxycabonyl group, since the magnitude of the rd
absorption for n=4 is the largest of all the acylates examined, and it decreases

continuously with increasing n. In: addition to the rd process, I have to state the

existence of the r'd process, instead of rd, in the propionate. Howevet::, the r'd
process is detected only as a rise in elf with increasing frequencies in the lowest

temperature examined. This process maybe attributed to the oxycarbonyl group

of the propionate in a similar manner as that for the r'm process.

PART II Acylated Cellulose Prepared in FD/DMSO solvent

3. Mechanical relaxation processes of (celluloe oligo-oxymethylene ether)

acylates

. Johnson et aU) reported that cellulose is soluble in dimethyl sulfoxide (DMSO)

in the presence of paraformaldehyde (PF). The mechanism by which cellulose

dissolves in the PF/DMSO mixture was shown to involve the formation of cellulose

oligo-oxymethylene ether10) • Although, C-6 position of glucopyranose ring seems

to be preferred for substitution, there is nmr evidence that the oxymethylene groups

are also located at C-2 and C-3 positions. The homogeneous chemical modification

of cellulose in the PF/DMSO medium could open the field to the development of

new cellulose derivatives.

The acylation of cellulose in this solvent results in novel cellulose polymers

(cellulose oligo-oxymethylene ether) acylates, COAs. Their physical properties are

expected to be quite different from the corresponding conventional cellulose acylates

described in PART I. In fact, the thermal softening properties of (cellulose

oligo-oxymethylene ether) acetatel7) were found to be conspicuously different from

cellulose triacetate; the apparent melting temperature of the former is about 140°C

lower than the published melting point of cellulose acetate. In this connection,

the thermal softening of silyl cellulose16) was found to be considerably reduced

by the indroduction of oligo-oxymethylene in the side chain.

This chapter surveys viscoelastic properties ofa series of COAs from the acetate

to the valerate4D • The method for the preparation of cellulose solution used in

this study was essentially similar to thatreported byJohnson et al.v . Dried cellulose

powder (2 g) and paraformaldehyde, PF (4 g) were well dispersed in DMSO (50 ml)

at room temperature. The mixture was then heated with vigorous stirring to
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120°C over a period of about 20 min in a 100 ml Erlenmyer flask equipped with a

condencer (a ground-glass jointed tube). After being held at this temperature for

3 hr, the cellulose solution so obtained was cooled to room temperature. To the

cooled cellulose solution, triethylamine, TEA (6 mol/mol glucose anhydride unit

of cellulose) and one of a series of aliphatic anhydrides from acetic anhydride to

valerie anhydride (6 mol/mol glucose) were added dropwise. After the addition,

the reaction mixture was allowed to stand at room temperature for 5 hr. The

reaction mixture was then poured into precipitants. Samples obtained are peracy

lated. The similar procedure was used for the preparation of other acylates in

PART II. In some cases, however, the dissolution condition (time and temperature)

of cellulose different to the above is employed.

3.1 Thermal softening properties

When the thermoplastic samples were heated under a constant load at a uniform

rate, the deformation of the sample gradually increased. From the resulting thermal

deformation diagram, information on physical transitions and melting can be

derived. Figure 3-1 shows diagrams of thermal deformation (D) vs. temperature

(T) for a series of COAs from acetate through valerate. In the diagrams the

deformateon D is normalized, i.e., D is zero at room temperature and unity at the

tempereture T f at which the plunger in TMA (See Chapter 2) reached the bottom

of the glass capillary, indicating completion of liquid flow of the sample. The

thermodiagrams exhibit two well-difined transition regions. The first region is

0,---------",."..-------------,

o

o

CI 0

1.0

1.0

~----__='=-----~~---_:_::!1.0o ,~

T (OC)

Fig. 3-1. Dependence of thermal deformation with temperature.
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considered to be due to the glass transition and thus the rapidly changing

deformation can be ascribed to the short-range diffusional motion of the segments

along the polymer chain. In this region, the; temperature T s is defined as a

temperature corresponding to the dDjdT maximum. The temperature T s for the

four kinds of COAs were 83, 65, 69, and 49~C in order of increasing number of

carbons (n) in introduced acyl groups. Apparently T s shifts to a lower temperature

as n Increases. T s is considered as a r'ough measure of the glass transition point
"Tg •

3.2 Comparison of melting temperature betweenCOAs and cellulose acylates

The second region in Fig. 3-1 indicates an apparent state of liquid flow of the

polymer chain. .Judging from the X-ray diagrams for COAs, they are completely

amorphous. In general, amorphous polymers do not have a well-defined melting

point T m. Therefore, in this chapter, instead of T m, the temperature T f is used

as a measure of the melting temperature of samples.

In Figure 3-2, the variation of T f with n for both celluloseacylates described

In Chapter 2 and COAs is shown. With increasing n less than 5, the value of T f

decreased slightly for COAs, but, markedly for cellulose acylates. However, even

if additional acyl methylene units were added in the formation of the higher

homologs(n=6 and higher), T f remained fairly constant. It is of interest to note

that the value of T f for (cellulose oligo-oxymethylene ether) acetates (CAcOM),

differs substantially from that for cellulose acetates (CAc): ca" 140°C lower for the

former than for the latter. The reason for a considerable lowering of T f for

300

0

0
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0

U
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~

A
A 0

A 0
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Fig. 3-2. Dependence of T f on number of carbons (n) in acyl
groups for COAs (6) and cellulose acylates (0).
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COAs compared to that for cellulose acylates can be ascribed to the weakening

of interchain cohesive force. In this connection, it can be noted that the value

of T f for CAcOM is similar to that of cellulose valerate, CVa. This result may

be related to the fact that the contour length of the side chain for CAcOM has

a magnitude of about 0.9 nm, corresponding to that for CVa.

3.3 Tensile properties

Figure 3-3 shows the stress-strain diagrams for COAs in tension measured at

20°C and 65%RH. These diagrams are similar in shape and have a yield point.

In general, a yield point is observed in the stress-strain diagrams obtained at a

3.0

V)
V)

~ 1.0....
V)

o

CPrOM

Ca.<lM

r--------------- - CIQ().t

100
STRAIN (.,.)

Fig. 3-3. stress-strain diagrams for COAs.

200

temperature in the neighborhood of T g of the sample. However, it is evident that

T g of COAs is found to be somewhat above room temperature. On the other

hand, it has been reported that polymeric materials having a marked subtransition

below T g usually exhibit a yield point in their stress-strain diagrams when they

are obtained at around the subtransition temperatur(42). Therefore, it is suggested

that for COAs a subtransition may occur at around room temperature. This point

will be confirmed and discussed later by using dynamic modulus data. In Figure

3-4, the relationship between n and tensile strength a, Young modulus E, or

maximum elongation e obtained from the stress-strain diagrams, is shown. It can

be seen that by increasing n, values of a and E decrease while the values of n

increase. In particular, the values of a, E, and e for CAcOM were 2.58 x 108

dyn/cm2, 1.08 x 1010' dyn/cm2, and 0.59, respectively, which were within the range of

corresponding values reported for various high-density polyethylenes.
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Fig. 3-4. Relationship between tensile strength a. Young's modulus
E, or maximum elongation E and number of carbons (n)
in acyl groups in COAs.

3. 4 A survey of the relaxation processes

One of the most conv~nient ways of understanding the viscoelastic properties

of polymers is through a modulus-temperature curve at a fixed frequency. Figure

3-5 shows the variation of dynamic modulus' E' with temperature for COAs at 35

Hz. At about -190°C, E' values are from 7.5 x 1010 to 6.3 X 1010 dynjcm2, typical

values for the polymer in the glassy state. If comparisons are made at the same

temperature, the E' values decrease with increasing n in the temperature region

examined. On the other hand, in higher temperature range a remarkable drop in

E' is observed. E' is a value of the order of 107 dynjcm2 or less than 107 dynjcm2 at

about 100°C. Especially, the change in value of E' for CAcOM fell from 1010 to

107 dynjcm2 as the temperature rose from 50°C to 120°C. This can be explained

in terms of the glass-rubber transition. Furthermore, the glass transition region

shifts to a lower temperature with increasing n. This phenomenon is interpreted

a~ follows: the increase in the size of non-active n-alkyl groups causes decreased

interaction of dipole ester group, to facilitate the chain backbone motion. The

effect, known as internal plasticization, is similar to that produced by the additiori

of plasticizer, known as external plasticization. In the temperature range slightly

below the glass transition, a considerable change in E', a subtransition, can be

detected. For example, this' transition for (cellulose oligo-oxymethylene ether)
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Temperature dependence of dynamic modulus E' for COAs:
CAcOM (0); CPrOM (D); CBuOM (6); CVaOM (0).

valerate (CVaOM), located in the temperature range from -50aC to 30aC and the

relaxation magnitude extends from 2.5 x 1010 to 1.5 x lOt: dyn/cm2• In this connection,

the stress-strain diagrams discussed above (Fig. 3-3) were obtained at the

temperature denoted by arrows. The temperatures adopted for the static tensile

tests for CAcOM and CVaOM correspond to those in the intermediate and terminal

positions in the subtransition region, respectively. In the stress-strain diagrams,

the former, CAcOM, gives a stress-strain diagram with a typical feature for hard

and tough type of polymers and the latter, CVaOM, a typical feature for

elastomeric materials.

3. 5 The a and iJ processes

The variations of E', loss modulus E", and loss tangent tan 0 with temperature

for CAcOM at 35 Hz is shown in Figure 3-6. With respect to E", three relaxation

processes were detected within the experimental frequency and temperature range,

being labelled a, ~, and r in order of decreasing temperature at which they were

detected. The a process appeared as a high-temperature shoulder to the ~ process.

Both the ~ and r processes were broad in shape and overlapped. The same

tendency was obtained by the corresponding measurements at 3.5, 11, or 110 Hz.

The tan 0 plot also revealed these three processes, but, in this case, both the ~

and r processes appeared as a shoulder, while the a process exhibited a marked

peak. For the a process, the drop in E' was from 1010 to 107 dyn/cm2 and the

value of tan 0 exceeded unity. From this evidence, the a process in CAcOM was
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attributed to the segmental motion within the main chain, namely a micro-Brownian

motion. In addition, for (cellulose oligo-:oxymethylene ether) propionate (CPrOM) ,

butylate (CBuQM) , and CVaOM, three processes (a, ~, and r) similar to those for

CAcOM were also observed at the temperature range between -200°C and 120°C at

-0

~ 0,1-
001

100o
107

.........------..L--"--------'------o--.L.-"-----1
-200 -100

TCOC)

Fig. 3-7. Temperature dependence of dynamic modulus E'. loss
modulus E", and loss tangent tan a for (cellulose
oligo-oxymethylene ether) valerate at 35 Hz.
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35 Hz. In the same manner, the a processes can be assigned to a micro-Brownian

motion of each main chain. Figure 3-7 shows the relationship between E', E",
tan 0 and temperature for CVaOM at 35 Hz. With regard to E", it seems that the

a process is too small in magnitude to be detected. This fact is thought to arise

from an unexpected drop in E' or complex modulus in the subtransition prior to

the glass transition. However, the value of tan 0 maximum for the a process was

very large, slightly exeeding unity. In the temperature range below -150°C, an

additional process occured, labelled o. This 0 process was also observed for CBuOM

at a similar temperature and frequency ranges. However, it should be emphasized

that such 0 peak was not detected with CAcOM and CPrOM. For all polymers in

which at least three methylene (-CH2-) groups in a row are involved, a relaxation

occurs at temperatures between -100°C and -200°C at frequency of the order

about 10 Hz. Polymers showing the relaxation in this temperature and frequency

range include polyethylene, most nylons 43), poly alkyl acrylateW , and other polymers

with hydrocarbon side chains with length equal to or longer than a normal propyl

group. Thus, the 0 process observed for CBuOM and CVaOM is regarded as due

largely to motions initiated by -CH2-CHz-CH2- parts of the side chain.

3. 6 The p and r processes

The plots of E" with linear scale against temperature for a series of COAs in

the temperature range from -150°C to 120°C at a frequency of 11 Hz is illustrated

in Figure 3-8. The a loss peak which is clearly visible for CAcOM, became less

distinct as n increased, and finally, for CVaOM, it merged completely in the high

2.0

0_~200:-:-------_...l-_-----_..L-_-~~~~~~
-100 0 100

T(·C)

Fig. 3-8. Temperature dependence of loss modulus for COAs: CAcOM
CO); CPrOM CO); CBuOM (6); CVaOM CO).
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temperature tail of the ~ peak. With increase in n, the ~ peak shifted apparently

to lower temperatures, increasing in height and sharpening in shape. These

phenomena concerning ~ processes seem intimately related to the fact that COAs

have alkyl groups in the side chain.. Thus, it is assumed that the ~ process is due

to the relaxation of alkyl segments of COAs. If the alkyl segments in the side

chain are responsible for the ~ relaxation, it is considered that the increase in the

number of segments causes increased magnitude of E". A possible explanation of

the finding that the ~ region moves to lower temperature with an increase in n,

is as follows: the increase in mobility of alkyl segments which results from further

separation of the neighboring main chain with an increase in n. In this connection,

similar peaks have been reported in the literature45) for various kinds of synthetic

polymers involving a long side chain such as poly (alkyl methacrylate). In such

cases, however, occasionally the ~. peak cannot be determined precisely because

of its overlapping with the a region.

Regarding the rprocess, both the shape and the location appear to be relatively

little affected by n.Furthermore, from the tan 0 plots in the r region, we see that

the kinds of acyl groups does not essentially affect the rprocess. Therefore, it can

be regarded that the r process reflects at least the same kind of intramolecular

motion. On the other hand, as was shown .in PART I, cellulose acylates do not

exhibit the same kind of relaxation in the temperature and frequency ranges

comparable to those for the r relaxation in COAs. The difference in the molecular

structure between the cellulose acylates and the COAs is essentially ascribed to

whether or not they involve oxymethylene groups in the side chain. Hence, the

r process can be attributed to the motion of the oxymethylene portion in the side

chain. However, this process will be assigned more directly by varing the length

of oxymethylene chain in the next chapter.

3. 7 Apparent activation energies for respective processes

The temperature-frequency locations-the relaxation map-of the three relaxation

regions (a, ~, r) for COAs are summarized in Figure 3-9. The a plots were

determined from tan o-temperature curves, while the ~ and the r plots were

determined from the resolved E"-temperature curves. The reasons for this plotting

are that the a peak is more distinct in tan 0 curves than in E" curves and that

both the ~ and r peaks are clearer in E" curves than in tan 0 curves. The ~ and

r processes, however, overlap. Therefore, an attempt was made to resolve the

curves by supposing that each curve had a Gaussian form. As is evident from

Figure 3-9, the plots for each process are approximately linear and similar in

slope. The value of apparent activation energy 11E for a process was calculated

to be about 57.4 kcal/mol, which is of the order of principal dispersions. The
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value of 11E for pwas about 28 kcaljmol, an adequate value for the motion of the

side chain. The 11E value for r process is about 8.7 kcal/mol, and the process IS

ascribed to the local mode motion involving oxymethylene groups.

4. Effect of oxymethylene and acyl side chain length on the relaxation

processes in COAs

The COAs (cellulose oligo-oxymethylene ether) acylates, are different in

chemical structure from the conventional series of cellulose acylates in that the

oligo-oxymethylene groups are bonded between glucopyranose ring and the acyl

side group. The length of the oligo-oxymethylene chain or the number of the

oxymethylene unit introduced in respective COAs can be easily controlled through

selection of dissolution condition of cellulose in paraformaldehydejDMSO solvent

system46).

In Chapter 3, three relaxation processes (ex, p, and r) for all COAs and an

additional process (0) for the butylate and valerate were observed in the frequency

and temperature ranges examined, and their molecular origins were discussed.

Among these processes, the dominant ex and p processes were shown to be largely

affected by the kind of COAs, namely, the chain length of the linear acyl group

introduced in the side chain. This indicates that the governing factor of the

viscoelastic properties of COAs is its side chain length. However, the side chain

of COAs is composed not only of acyl chain portion but also of oligo-oxymethylene

chain portion. Therefore, it is important to clarify the effect of the length of

oligo-oxymethylene chain on the viscoelastic properties of COAs.

This chapter describes dynamic mechanical properties of polymers in a series

of COAs from acetate to decanoate in relation to the chain length of the oxyme

thylene portion as well as that of the acyl portion in the side chain4 '). All the

samples employed here are almost amorphous in nature.
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4.1 Degree of molecular substitution of oxymethylene groups

The acetyl contents (AC%) of cellulose acetate with DS value of 3.0 is known

to be 62.5%. However, the AC% of (Cellulose oligo-oxymethylene ether) acetate,

CAcOM, with DS of 3.0 differes substantially from that of cellulose acetate, being

ca. 20% lower for the former than for the latter. The reason for a considerable

lowering of AC% can be ascribed to the introduction of oligo-oxymethylene groups

-(CH20) s- bonded between glucopyranose ring and acyl group in the side chain.

Based on this difference in AC% between cellulose acetate and CAcOM whose DS

values are both estimated to be 3.0, the number of oxymethylene unit s introduced

in the side chain-molecular substitution-can be calculated. Table 4-1 shows the

relationship between dissolution condition (time and temperature) of cellulose and

s determined from CAcOM. It can be seen that the values of s, which indicate

the measure of the oxymethylene chain" length increase from 1.2 to 2.2 in order of

dissolution condition A, B, C, and D.

Table 4-1. Dissolution condition of cellulose

Dissolution condition of cellulose

Temperature caC) Time (min) s in -(CHzO)s-

120 180 1.2
120 80 1.8
120 25 2.0
110 35 2.2

Symbol

A

B

C

D

The conditions Band C were adopted only for (cellulose oligo
oxymethylene ether) acetate.

4. 2 Change in tensile properties with oxymethylene chain length

In Chapter 3, I studied the tensile properties of COAs from acetate to

valerate, and found that by increasing the number of carbon'i, n, in the acyl side

chain, mechanical properties of COAs shifted from a strong and tough type to an

elastomeric one. On the other hand, since each chain of COAs consists of both

the acyl and oxymethylene portions, Le. -(CH20) s·COR, the tensile properties of

COAs may also be affected when the. side chain varies at the oxymethylene portion

instead of acyl portion. Figure 4-1 shows the stress·strain diagrams of CAcOM

. (A, B, C, and D) in tension measured at 20°C and 65% R.H. Symbols used in

parenthesis hereinafter indicate dissolution condition mentioned above. These

diagrams are similar in shape, and have an yield point. However, as s in the

oxymethylene part increases, the Young's modulus and an yield strength decrease

while maximum elongation increases. This trend corresponds to that observed for

COAs when n increased from 2 to 5 in the acyl group portion (See 3.3). From
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Fig. 4-1. Stress-strain diagrams of CAcOM CA, B, C and D).

these results, it is known that changing length of the oxymethylene or acyl chains

gives similar effect to the tensile properties of COAs despite their difference in

molecular structure. In this connection, it can be noted that the stress-strain

diagrams were obtained in the temperature region of the ~ process for CAcOM.

Thus, there exists an intimate relation between the molecular motion in the ~

process and the stress-strain curves examined. Therefore, the results of the stress

strain diagrams obtained above suggest that the motion of the oxymethylene chain

may also be related to the ~ process, though the process is known to involve the

motion of acyl chain. This point is discussed and confirmed later on the basis

of the results of dynamic mechanical measurements.

~~. 3 Effect of oxymethylene chain length on the relaxation processes of the

acetate

Figures 4-2a and 4-2b respectively show the variation of dynamic modulus E'

and loss modulus E" with temperature for CAcOM CA, B, C, and D). In the

figures, the result for cellulose acetate is also included as a special case of CAcOM

wherein the value of s is zero. With respect to E", three relaxation processes

were observed for both cellulose acetate and four kinds of CAcOM within the

experimental frequency and temperature ranges. They are labelled am, ~m, and

j3'm for cellulose acetate in order of decreasing temperature at which they were

detected.

According to the early works for the mechanical relaxation processes of cellulose

acetate2:n, the am and ~m processes are respectively due to the micro-Brownian
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Fig. 4-2a. Temperature dependence of dynamic modulus E' for CAcOM
(A, B, C, and D) and cellulose acetate. CAcOM (A): 6.,
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motion of the segment along the maIn chain and the motion including the acetate

group In the side chain. This is consistent with the results for other acylates

described in Chapter 1. In addition, in Chapter 1, the apparent activation energy

11E for the am process was estimated to be more than 50 kcaljmol, while that for

the ~m process to be less than 8 kcal/mol. Although these two processes were also

observed by using dielectlic measurements in the corresponding frequency and

temperature regions, the Wm process could not be detected within the range

examined (see Chapter 2). The Wm process may be due to the local side chain

motion around C-5 and C-6 axis of a glucopyranose ring. The am process will

be discussed in the later section in relation to the a process.

On the other hand, CAcOM from A to D exhibits quite different relaxation

processes from those for cellulose acetate. Concerning the r process in the Figure

4-2b, the maximum E" value seems to increase as s increases, even if the influence

of the ~ process is subtracted in E"-temperature curves. The same results are

also observed in this region for the other homologues of COAs as examplified for

(cellulose oligo-oxymethylene ether) valerate, CVaOM and hexanoate, CHeOM

in Figures 4-3 and 4-4, respectively. This process has been considered to be the

motion of the oxymethylene group in the side chain from the results of the

dielectric measurements. If this is the case, the r peak should increase in height

as s increases, because in general the increase in the number of the motional unit

responsible for the relaxation process noted causes increased peak height for

a ~.--- ~'=- -::' _
-200 -100 0

TeC)
Fig. 4-3. Temperature dependence of loss

modulus E" for CVaOM (A and
D).

w
)(

~2LO-0----_....Jl0L....0-------l.0----

TeC)
Fig. 4-4. Temperature dependence of loss

modulus E" for CReOM (A and
D).
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polymers in the glassy state. Accordingly, from the results shown in Figures 4-2,

4-3, and 4-4 the r process is confirmed to be due to the motion of the oligo

oxymethylene group in the side chain.

The ~ process has been assigned to be due to the motion involving acyl side

chain, since the process was largely affected by n. As, shown in Figures 4-2a and

4-2b, however, both the maximum EI/ values and the relaxation magnitude in

the ~ region increase markedly also with increasing s. Hence, the ~ process is

considered to include not only the motion of the acyl parts but also that of the

oligo-oxymuthylene parts in the side. chain. For further information on the ~

process, note the E'-temperature curves for COAs. The change in E' for COA in

the glassy state when s increased is quite different from that when n increased.

As shown in Figure 4-2a, E'-temperature curves for CAcOM along with cellulose

acetate i~tersect at the temperature in the neighbourhood of the ~ region: with

increasing s, E' values in the temperature range below the intersecting point

increase, while they decrease above the point. The same results were also observed

for other homologues of COAs when s increased. The reason for a rise in E' with

s in the region below the ~ peak temperature can be ascribed to the increased

interchain cohesive force resulting from the increased contents of polar oxymethylene

groups. On the other hand, because changing length of the acyl or oxymethylene

chains gives similar effect on the E' above the ~ region, the molecular motion of

the oxymethylene chain is considered to be released enough to randomize their

dipole orientation within the time scale observed, causing decreased interchain

cohesive force. From these findings and discussion, the ~ proces is concluded to

be due to the segmental motion along the side chain which includes both the

oxymethylene and acyl chains, i.e., -(CHzO) ,-COR.

4.4 The effect of oxymethylene chain length on the glass transition tempe

rature of the acetate

In addition to the processes discussed above, the a process for COAs and am

process for cellulose acylates are observed in higher temperature range as shown

in Figure 4-2b for CAcOM and cellulose acetate. These processes have been

regarded as due to the micro-Brownian motion of the main chain, and ,thus a

considerable drop in E' in the corresponding region in Figure 4-2b is related to

the glass rubber transition of the polymer. Therefore, the temperature location

of EI/ ~aximum in the a and am regions measured at such a low frequency as

110 Hz can be regarded as a rough measure of the glass transition point T g of the

samples. For cellulose acetate, T g thus defined is located at about 180°C, while

for CAcOM it appears considerably lower temperatures below 100°C. Furthermore,

it can be seen that T g of CAcOM moves to lower temperatures with increasing s.
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The similar results were also recognized for other COAs. One should remind

here that in Chapter 3 (Section 4) the lowering of T g was also observed for COAs

when n increased. Because the polar oxymethylee group introduced in COAs plays

a similar role to that of non-polar alkyl group on the (3 process, its influence to

the subsequent a process must be similar. Therefore, the reason for a lowering

of T g with increasing s from 0 to 2.2, can be interpreted in the same manner as

the lowering of T g with n: the introduction of the oxymethylene groups induces

increased separateon of each main chain, and additional introduction of the

oxymethylene groups facilitate further separation of each main chain, resulting in

a weakening of interchain cohesive force which causes a lowering of T g •

4. 5 Comparison of glass transition temperature among the cellulose deriva

tives and synthetic polymers

As was seen above, each process for COAs is largely affected by the change

In length of the oxymethylene chain in the side chain in the same manner as that

induced by the change in n, when the length of the acyl chain is short as In

CAcOM. However, if the length of the acyl chain in COAs is long enough as

compared to that of the oxymethylene chain, the effect of the variation of s on

each process may become small, because in such a case the ratio of the length of

the oxymethylene chain to that of the side chain is small. Therefore, it is of

interest to note whether or not the relaxation processes for COAs having large n

are affected by the variation of s. For elucidating this point, I note the influence

of the oxymethylene chain length to the temperature location of the a process,

i.e., T g for COAs.

Figure 4-5 shows the diagrams of T g values determined from tan 0 maximum

versus n for a series of COAs (A, and D) and cellulose acylates. In the figure,

the results for a series of polyalkylmethacrylates is also quoted for reference. At

n=2, the difference in T g with s among COAs (A), (D), and cellulose acylate is

very large, while it decreases markedly as n increases, and finally little difference

in T g is observed at n= 10. Consequently, it follows that T g of COAs with large

n do not vary in a great extent with the length of the oxymethylene chain within

the range examined. In this connection, it should be noted that T g reduction for

both COAs and cellulose acylates levels off above room temperature. On the

other hand, from the results in Chapter 5 cellulose derivatives having linear and

flexible side chain are shown to exhibit lower T g values than those of cellulose

derivatives with bulkier side chain, when their molecular weight is the same as far

as the side chain portion is concerned. Therefore, based on the finding that even

the cellulose derivatives with linear and flexible side chain exhibit a lower limit

of T g above room temperature, it is suggested that all the cellulose derivatives
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Fig. 4-5. Relationship be~ween T g and n for a series of COAs
(A and D),. cellulose acylates and polyalkylmethacrylates.
CAcOM (A): e, CAcOM (D): 0, cellulose acylates:

D. polyalkylmethacrylates: 6..

have a lower limit of T g above room temperature. In contrast, the lowering of T g

for polyalkylmethacrylates proceeds quite different manner from that for COA as

shown in the figure. In this series, T g decreases with increasing n, showing no

levelling off. The difference between cellulose derivatives examined here and

poly~n-alkyl methacrylates, both having linear and flexible side chain, may be

attributed to the different structure of the main chain: the former is bulkier than

the latter.

4. 6 Contribution of oxymethylene ·portion to the IS and r processes of COAs

The extent of the contribution of the oxymethylene chain to the relaxation

processes for COAs is more directly reflected to the ~ and r processes in the

glassy state because they are related to the motion involving oxymethylene chain

itself. Figure 4-6 illustrates the plots of E" with linear, arbiterary scale against

temperature for a series ·of COA CD) from n=2 to 10 in the temperature range

from -190°C to 100°C. It can be seen that even when the n increases, the r region,

caused from the motion of the· oxymethylene portion, remains at a constant

temperature of about -70°C, though the neighbouring ~ region shifts to lower

temperature. Furthermore, the r peak which is clearly visible for COA with n=2

become less distinct, and finally for COA with n= 10, i.e., (cellulose oligo-oxyme

thylene ether) decanoate, CDeOM, it merged completely in the low temperature

tail of the {3 peale On the other hand, the additional 0 process· is seen to appear

below -160°C for COA above n=4. . However, this process is not related to the

molecular motion in the oxymethylene portion, since it is considered to be the
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L, , ,
-200 -100 0 100

Fig. 4-6. Temperature dependence of loss modulus E" for a
series of COAs CD) from n=2 to 10.

motion of three or more methylene groups in a row in the side chain, and, at this

temperature, the oxymethylene portion is in the free zed state. From these results,

viscoelastic properties of COA with large n IS expected to be almost unaffected

by the values of s.

4.7 The similarity In the viscoelastic properties among cellulose acylates

and COAs

Figures 4-7a and 4-7b show the variation of E' and E", respectively, for

CDeOM CA, D) and cellulose decanoate whose n values are the largest in the

series examined. As is expected, all the relaxation processes appearing in both

CDeOM CA) and CDeOM CD) seem similar despite their different s values.
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Furthermore, it should be noted that this similarity is also recognized in the

relaxation processes for CDeOM (A, D) and cellulose decanoate which lacks the

oxymethylene portion in the side chain. From this result, it is concluded that the

role of the oxymethylene group to the relaxation mechanism of COAs becomes

negligibly small for large n.

5. Effect of bulky side chain on the relaxation process of COAs

As shown in the previous two chapters, the COAs series are characterized by

observing that the micro-Brownian motion in the side chain (~ process) appears

separately from that in the main chain (a process). The existence of the two

kinds of micro-Brownian motion is considered to be a result of the difference in

flexibility between the side chain and the main chain: the former consists of the

smaller and more flexible motional unit such as -CHz- or -0- than the latter, i.e.,

glucopyranose ring. If this is the case, a COA should exist without the ~ process.

In that case side chains would involve such bulky motional unit as glucopyranose
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rmgs.

This chapter describes viscoelastic properties of newly prepared COAs with

acyl side chain bulky in chemical structure (iso-butyrate, pivalate, and benzoate),

in relation to those of COAs with linear acyl group, using dynamic mechanical

measurements18). All the COAs prepared gave clear, transparent films.

5. 1 Melting and glass transition

Thermal analysis using TMA gives useful information on glass transition or

melting of polymer samples as described in Chapter 3. One of the resulting

diagrams of thermal deformation (D) versus temperature is illustrated in Figure 5-1

for (cellulose oligo-oxymethylene ether) pivalate, CPiOM. All the 'COAs examined

gave a deformation thermodiagram pattern similar to that for CPiOM, showing

two transition regions above room temperature.

1.0

c

Fig. 5-1.

•• ••••••••••• r.
.9

•
•
•
••• •••••••

• 1:.m
~ ~ 1~

T(·C)
Diagram of thermal deformation, D, versus temperature for
(Cellulose oligo-oxymethylene ether) pivalate, CPiOM.

figure 5-1 shows that the higher temperature range transition proceeds

gradually prior to melting of the sample. In contrast, highly crystalline polymers

are known to exhibit a well-defined transition point from solid to liquid state in

the thermodiagram4G). Because all the COAs examined do not exhibit such a

well-defined transition point in the thermodiagram just before melting, they are

considered to be amorphous in nature. This is consistent with the results of X-ray

diffraction measurements mentioned in Chapter 3 (Section 2).

On the basis of the results in Chapter 3 (Section 1), the lower temperature

range transition can be attributed to the segmental motion of the main chain, i.e.,

micro-Brownian motion (a process). Thus, the temperature corresponding to the
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Table 5-1. Glass transition point T g and apparent melting point
T m for COAs.

Samples T g (OC) .. T m COC)

CAcOM 83 164

CBuOM 65 121 .

CVaOM 49 114

CiBOM 74 143

CPiOM 90 136

CBzOM 88 190

dDldE maXImum m the region can be regarded as about equal to the glass

tr·ansition point T g of the sample. Table 5-1 shows T g along with T m for six

kinds of COAs examined in the present work. It can be seen that the values of

T g for COA with linear side chain decreases regularly with increasing mol~cular

weight of the side chain: 83, 65, and 49°C for (cellulose oligo-oxymethylene ether)

acetate (CAcOM), butyrate (CBuOM) ,and valerate (CVaOM), respectively. The

change of T m shows a similar trend. However, as was observed in ear~y work for

polyalkyl methacrylate or acrylate with bulky side chain50), such regularity in T g

disappears when the molecular weight of the side chain increases by introducing

bulky acyl group in the order of acetate, iso-butyrate, pivalate, and benzoate. In

this case, the lowest T g value of the four is given in (cellulose oligo-oxymethylene

ether) iso-butyrate, CiBOM, while the highest T m for (cellulose oligo-oxymethylene

ether) benzoate, CBzOM.

In .the following, the dynamic mechanical properties of COAs with bulky side

chain (CiBOM, CPiOM, and CBzOM) are compared to. those of COAs having

linear side chain with a corresponding molecular weight.

5. 2 Comparison of dynamic mechanical properties between the butyrate and

iso-butyrate

Figures 5-2 shows the dynamic modulus E' and loss modulus E" at 110 Hz as a

function of temperature for both CBuOM and CiBOM. Regarding E"-temperature

curves, CiBOM reveals three processes above -150°C, each of which is considered

to be similar in molecular mechanism to the corresponding processes in CBuOM.

These can also be labelled lX, ~, and r, respectively. The r peak for CiBOM is

located at the same temperature as that for CBuOM, while both the ~ and lX

peaks for CiBOM shift to higher temperatures as compared to CBuOM. Since

the motion of the oligo-oxymethylene portion is responsible for the r process as

described in Chapters 3 an 4, this data shows the kind of acyl group has little
effect on temperature-frequency locations of the r process.

The ~ process, however, is initiated by the micro-Brownian motion .of the side
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Fig. 5-2. Temperature dependence of dynamic modulus E', loss
modulus E" at 110 Hz for (Cellulose oligo-oxymethylene
ether) butyrate, CBuOM, 0, • and iso-butyrate, CiBOM
,6" ••

chain (See 4.3). The high temperature shift of this region for CiBOM is thought

to cause decreased mobility of the segment along the side chain. This comes from

an increase in steric hindrance of the bulky iso-butyrate group as compared with

that of the linear butyryl group.

Comparing the relaxation magnitude in the ~ region for CiBOM with that for

CBuOM in E'-temperature curve, it follows that the lowering of the side chain

mobility for CiBOM results in the decreased relaxation magnitude. Both the

COAs reveal the same E' value at temperatures below the ~ region. It can be

further observed that the a region for CiBOM shifts to highr temperature,

indicating that the mobility of the side chain affects that of the main chain.

In addition to these three processes (a, ~, and r) commonly observed for both

the COAs, CBuOM exhibits an additional process labelled 0 below -l50°C. The

oprocess has been thought to arise from the twisting motion involving at least

three or more methylene groups in a row in the side chain (See 3.6). The

E"-temperature curve for CiBOM reveals a relaxation process (labeled 0') as a

shoulder in the region comparable to that of the 0 process for CBuOM, though
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CiBOM lacks -CH2-CH2-CH2- parts. On the basis of the corresponding findings

concerning polymers in a series of cellulose acylates (Chapters 1 and 2), the 0'
process can be assigned to the motion initiated by -CH2-CH2- parts in the side

chain.

5. 3 Comparison of dynamic mechanical properties between the valerate and

pivalate

The difference observed in the relaxation process between CBuOM and CiBOM

becomes even greater when comparisons are made between CVaOM and CPiOM.

In these, acyl parts in the side chain have greater molecular weight than CBuOM

or CiBOM. Figure 5-3 shows the dynamic modulus E' and loss modulus E" at

110 Hz against temperature for· both CVaOM and CPiOM.

Concerning E' values, CPiOM has lower E' values in the range below -50°C

than those of CVaOM. This lowering in E' is not observed when the butyryl

group is in place of the isobutyryl groups in the side chain (Figure 5-2). The

introduction of a bulky acyl side chain (pivalate) substantially reduces interchain

cohensive force in COA as compared with that in COA having linear side chain
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Temperature dependence of dynamic modulus E', loss
modulus E" at 110 Hz for (Cellulose oligo-oxymethylene
ether) valerate, CVaOM~ 0, • and pivalate, CPiOM
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of equal molecular weight.

With respect to E", the two curves are quite different in shape except for

those in the r region. At about -180°C, the 0 process clearly observed for CVaOM

disappears for CPiOM because of the absence of -CHz-CHz-CHz- parts in the

side chain. While CiBOM do not exhibit the 0 process because of lacking

-CHz-CHz-CHz- parts, it shows the 0' process due to the motion of -CHz-CHz

parts in the side chain. This indicates that for CPiOM, even the twisting of

-CHz-CHz- parts does not occur because of the steric hindrance caused by -CH3

branch around -CHz-CHz- parts within the pivalate group.

In the temperature regin of the overlapping (3 and r processes for CVaOM,

CPiOM shows one distinct process. From its temperature-frequency locations, I

assign it to the r process. In Chapter 3 (Section 7), because of the overlapping

of the r region to the (3 region in COAs with linear side chain, I determind the

apparent activation energy ,dE for the r process from its resolved E"-temperature

curve. This has been done by assuming that both rand (3 have Gaussian

distribution. As is seen in Figure 5-3, however, the r peak for CPiOM is distinct

without any influence of other processe~. Thus, the ,dE value for the r process

can be estimated more precisely for CPiOM than for other COAs, being 10.5 and

10.1 kcaljmol from E' and tan 0 curves, respectively.

A broad-shaped peak for CPiOM is observed In the higher temperature

range. For elucidating the relaxation mechanism in this region, variation of

D
D

o 50 100
TI·c)

Fig. 5-4-. Variation of E" temperature curve with frequency for
(Cellulose oligo-oxymethylene ether) pivalate, CPiOM.
0: 110, 6: 35, 0: 11 Hz.
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E"-temperature curves for CPiOM with frequency are shown In Figure 5-4. The

broad-shaped peak obtained at 110 Hz shows some splitting when lower frequency is

used for the meaSurement, indicatin,g the existence of the two kinds of processes

in the range noted. Because the shoulder at about 70°C in a curve measured at

11 Hz corresponds to the glass transition region, this process can be regarded as

the a process. Because the mobility of the bulky pivalate group is considered to

be reduced by its steric hindrance compared with that of the valarate group, the

~. region shifts markedly to the higher temperature, and appears slightly below the

a region. The process just below the a region can be classified as the ~ process

for CPiOM. It is also found that for CPiOM, the a region moves to higher

temperature with the high temperature shift of the ~ region.

5. 4 Dynamic mechanical properties of the benzoate

When the bulky acyl group is changed from iso-butyrate to larger pivalate,

a bigger shift of the ~. region occur toward the higher temperature as compared

to that of the a region.. This indicates the mobility of the side chain segment

approaches that of the main chain segment. Thus, it is expected that if the bulky
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acyl group in the side chain of COA were large enough (i.e. glucopyranose ring

or benzene ring) the mobility of the segment in the side chain would be reduced

and become similar to that in the main chain. This would result in the extinction

of the (3 process.

To examine this point, Figure 5-5 displays the variation of E' and E" at

110 Hz with temperature for CBzOM where the acyl portion III the side chain

involves benzene ring. The figure shows that two processes occur. The process

appearing at about 70°C is sharp in contrast to the corresponding process for

CPiOM. In this region, E' values decrease markedly from 2.05 x 1010 dynjcm2 to

less than 107 dynjcm2 as the temperature rises from 40°C to 140°C. Fl,lfthermore,

LlE values for this process calculated from E" and tan 0 curves are respectively

53.5 and 55.3 kcal/mol. From these findings, the process can be regarded as a

micro-Brownian motion along the main chain (a process). It should be emphasized

that the (3 process having been observed for all other COAs examined disappears

for CBzOM. Accordingly, I conclude that for CBzOM, the micro-Brownian

motion along the side chain, independent of that along the main chain, cannot

appear in the diagram because of the similarity in the molecular size of both the

benzene ring in the side chain and glucopyranose ring in the main chain.

In addition to the a process, the r process (due to the motion of the

oxymethylene portion) should appear at about -100°C at 110 Hz regardless of

whether the acyl group in the side chain is bulky or not. As is seen in Figure 5-5,

however, the temperature location of the process detectd in the lower temperature

apparently differs from that of the r process for other COAs. This discrepancy

can be interpreted by considering the existence of an additional process in the
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Fig. 5-6. Variation of E" temperature curve with frequency for

(Cellulose oligo-oxymethylene ether) benzoate. CBzOM.
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vicinity of the r process.

Figure 5-6 illustrates the variation of E"-temperature curves for CBzOM with

frequency at temperatures between -150°C and -20°C. From the plots at 11 Hz,

two processes are clearly recognized. The process at the lower temperature can

be ascribed to the r process because of its location. The process at the higher

temperature (which is labelled r') may correspond to the motion involving benzyl

groups which was observed in benzyl cellulose in the corresponding region5!).

P ART III Novel Cyanoethylated Cellulose

6. .Cyanoethylated cellulose prepared by homogeneous reactin in PF/DMSO

system

Cyanoethylation of cellulose can be traced back to the pioneering work of

MacGregor et a1.52) in the 1940s. Since then, partial cyanoethylation of cotton

cellulose has been extensively studied to improve its duarabilities, such as thermal,

chemical, and microbiological resistance5:)). The other cellulosic materials have

also been cyanoethylated to obtain a highly substituted product54), which was

used as an electric material because of its high dielectric constant, although it is

brittle in nature.

While these reactions proceed heterogeneously, a homogeneous cyanoethylation

reaction of cellulose in viscose medium is also known52). However, in this case,

the degree of substitution seldom reaches 2.0, due to the steric hindrance of xantate

groups introduced to cellulose, and no notable products were expected from this

method for the practical use.

In this chapter, the homogeneous cyanoethylation method for cellulose is

presented as the other application of PF/DMSO solvent55). The physical properties

of the resulting products differ substantially from those of the cyanoethylated

cellulose prepared by the traditional method. For example, although the traditional

products are not available for film application due to their brittle nature, the

products prepared in PF/DMSO medium give clear, transparent and flexible films

which suggests the possibility of these products being applicable to various new

fields.

The detailed procedure for preparing cellulose solution was described in

Chapter 3. Dried cellulose powder (6 g) and PF (12 g) dispersed in DMSO

(150 ml) were stirred generously at 120°C for 80 min. The resulting transparent

solution was cooled to room temperature and left. To the cellulose solution thus

obtained was added specified amount of Na/DMSO solution in which sodium metal

(0.19 g) was dissolved in DMSO (50 ml), then was added acryronitrile (30 ml).

The reaction mixture was kept at room temperature for 24 hr with continuous
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stirring, after which it was poured into excess methanol to obtain the products.

In some cases, the reaction mixture before pouring was divided into two parts, in

which one was poured into excess methanol as described just above, while another

was followed by acetylation reaction. In another case, an attempt was made to

obtain a cyanoethylated sample by using a traditional method as a reference.

Cellulose powder was immersed in a weak (3%) aqueous solution of sodium

hydroxide, squeezed free of excess liquor, treated with excess acrylonitrile at 50°C

DDr several hours, and then poured into excess water to yield products.

6. 1 Infrared spectra of the samples prepared

Figure 6-1 shows the infrared spectra of the products prepared by homogeneous

reaction in PF jDMSO solvent system. From the absorption bands at 2,950, 2,250,

1,480, 1,420, 1,370, 1,330, 1,270, and 1,230 em-I, it appears that the cellulose are

cyanoethylated. By increasing the amount of NajDMSO added to the system, the

intensity of these absorption bands due to cyanoethyl groups increase, while that

of OH absorption at around 3,450 cm-I decreases. From this, it was found that
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Fig. 6-1. Infrared spectra of the cyanoethylated cellulose
prepared in PFjDMSO medium.
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the degree of cyanoethylation proceeds in the order of the amount of NaJDMSO.

However, even if an additional amount of Na/DMSO (3.0 ml or more) is added,

the intensity of above bands remains fairly constant. In this connection, it is known

that the infrared spectra of cyanoethylated cellulose prepared by the conventional

method often exhibit additional absorption bands due to carbamyl or carboxyethyl

groups which are introduced by side reactions. However, since there is no such

evidence in all spectra shown in Figure 6-1, cyanoethylation method in this study

can be regarded as more effective than the conventional method.

For a qualitative analysis concerning the degree of cyanoethylation, one should

note the absorbance ratio of ACH at 2,900 cm-I to AOH at 3,450 cm-I , i.e. ACH/AoH•

Brown et a1.5'3) studied infrared spectra of a series ,of cyanoethylated cellulose with

various degree of substitution (DS) , which is prepared by homogeneous reaction

in viscose, and reported that the product with DS=0.77 in the series is soluble in

water. The ACH/AoH value of this product was 0.5. It is noted that auther's

cyanoethylated cellulose with ACH /AOH=0~36 obtained in case of Na/DMSO = 1.32 ml

is also water soluble. So far water-soluble cyanoethylated cellulose has been

known to be prepared only by homogeneous reaction in viscose. Therefore,

auther's method suggests a new way to prepare a water-soluble cyanoethylated

cellulose. On the other hand, highly cyanoethylated cellulose (Na/DMSO=3.0 ml)

obtained by auther's method is soluble in dry acetone in the same manner as the

conventional cyanoethylated cellulose whose DS value is 2.5 or more. Judging

from high solubility in acetone and high ACH /AOH value, DS value of the highly

cyanoethylated cellulose prepared by auther's method is expected to be about 2.5.

This will be discussed again and confirmed in the last paragraph of this chapter.

6. 2 Chemical structure of newly prepared cyanoethylated cellulose

The degree of modification of, cyanoethylated cellulose is usually expressed by

nitrogen content. Figure 6-2' shows a relationship between the percentage of

nitrogen contents (%N) and ACH/AoH value for auther's cyanoethylated cellulose.

In the figure, the result of cyanoethylated cellulose prepared by a reaction in

aqueous medium (hereinafter termed as conventional CEC) is also included. It

can be seen that, with increasing the value of ACH/ AOH up to ca. 1.2, nitrogen

contents increase, while it levels off for ACH/AoH above 1.2. It should be noted

here that the plot for conventional CEC greatly deviates from the regression curve

shown in the figure: the nitrogen contents of conventional CEC at ACH/AoH =1.36

is measured to he 11.3%, though 7.9% is expected from the curve. ,This

discrepancy becomes clearer by converting the nitrogen contents of 7.9 and 11.3%

into the corresponding DS value of 1.3 and 2.3, respectively, on the basis of a

well-known conversion formula,Le.,
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Fig. 6-2. Relationship between percentage of nitrogen contents (%N)
in the cyanoethylated cellulose and the ratio of absorbance
ACH at 2,900 cm-1 to AOH at 3,500 cm-1 ACH!AoH).

DS= (162x %N) /(1,400-53 X %N).

From these findings, it is suggested that a newly prepared cyanoethylated cellulose

may be different in chemical composition from the conventional cyanoethylated

cellulose, despite the similarity of their infrared spectra.

6.3 Thermal deformation properties

Figure 6-3 shows the diagrams of thermal deformation D in arbitrary scale

against demperature with auther's cyanoethylated cellulose having various degrees

of cyanoethylation, Whatman cellulose CF-ll, and the regenerated cellulose from

PF/DMSO system. The thermodiagrams labelled A to G correspond to the infrared

spectra in Figure 6-1 in case of Na/DMSO = 1.2, 1.32, 1.75, 2.0, 2.25, and 3.0,

respectively. The absorption ratio, ACH / AOH , is also shown in the Figure for

reference. For the Whatman cellulose, the deformation due to carbonization of

the sample occurs at around 330cC, while for the regenerated cellulose it appears

at a temperature 30°C lower than that for the Whatman cellulose. This lowering

may be attributed to the decreased amount of the crystalline region in cellulose.

The similar diagram to that of the regenerated cellulose was observed for the

sample A, in which the trace amount of cyanoethyl groups was introduced in the

side chain. Further cyanoethylation induced different thermal properties from those

of cellulose. For the sample B which is soluble in water as mentioned before,

two transitIOn regions were recognized. The first region appeared at temperatures

bet ween O°C and lOO°C, then the second region above lOO°C, and finally the
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Fig. 6-3. Digraam of thermal deformation D in arbitrary scale
versus temperature for Whatman cellulose CF-ll,
regenerated cellulose and cyanoethylated cellulose.

carbonization process occurred at about 300°C. For the sample C, the deformation

diagram exhibits a remarkable transition at around 120°C prior to the carbonization.

Similar transitions were also seen for cyanoethylated cellulose from D to G. Since

cyanoethylated cellulose is known to be amorphous in nature,· this transition can

be regarded as due to the· glass-rubber transition of the sample. In this region,

the temperature T s is defined as the temperature corresponding to the dD/dT

maximum. Apparently, T s shifted toa lower temperature with increasing ACH/AoH
value in the range of 0.56 to 1.14, but it remained constant for AcH/AoH =1.14 or

more. T s is considered as a rough measure of the glass transition point T g •

6. 4· Discrepancy in some physical properties between conventional and newly

prepared cyanoethylated cellulose

If it is assumed that the chemical, structure of cyanoethylated cellulose thus
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surveyed differs from that of conventional cyanoethylated cellulose as suggested

before, then such differences may be reflected in its physical properties. Figure

6-4a shows D-temperature curves for both the sample G and the conventional CEC

whose ACH/AoH values are similar, i.e., 1.6 and 1.3, respectively. In the Figure, D

is normalized, i.e., unity at room temperature and zero at the temperature at

which the plunger reached the bottom of the glass capillary, indicating completion

of liquid flow of the sample. It can be seen that both samples are carbonized

above 300°C prior to the melting. However, two diagrams are apparently quite

different and the diagram for conventional CEC seems to correspond to what should

be obtained for auther's sample with an intermediate degree of cyanoethylation

between A and B in Figure 6-3, despite its highly cyanoethylated character.

OL..- --'- ~ _'__ __J

o 100 200 300 400

T('C)
Fig. 6-4a. Diagram of thermal deformation D versus temperature

for both G and conventional CEC.
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Stress-strain diagrams for both G and conventional
CEC in tension measured at room temperature.
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Figure 6-4b shows the stress-strain diagrams' for both· the sample G and

conventional CEC in tension measured at room temperature. Regardin~ conven

tional CEe, the diagrams is that for brittle polymers. In contral;t, for the sample G
the diagram shows typical features for tough polymers which result in a flexible film.

6. 5 Comparison of dynamic mechanical properties between conventional and

newly ·prepared cyanoethylated cellulose

From the above differences in physical properties as well as in DS mentioned

before, cyanoethylated cellulose prepared in PFjDMSO medium can no longr be

considered to be the same as convelltional cyanpethylated cellulose in chemical

structure. However, the difference should ,be limited to the side ~hain portion,

because these polymers have the same cellulose backbone.

Since the difference in molecular structure in the side chan cause different

molecular relaxation mechanism with each other, such differences must be reflected

in their viscoelastic properties in the solid state. Figure 6-5 shows the variation

of dynamic modulus E', and loss modulus E" with temperature for both the

conventional CEC and the sample G in the range from -190°C to 200°C at 110 Hz.

With respect to E", three relaxation processes were observed for both samples

within the experimental frequency and temperature ranges. They' are labelled a'CEC,

~CEC' and rCEC for the conventional CEC, and a'o, ~o and ro for the sample G,
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Fig. 6-5. Variation of dynamic modulus E' and loss modulus E" with
temperature for both G and conventional CEC at 110 Hz.
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respectively, in ordr of decreasing temperature at which they were detected. Noting

the conventional CEC first, the drop in E' in the a'CEC region was very large. On

the other hand, it has been reported that the drop in Young's modulus for highly

cyanoethylated cotton yarn at a corresponding temperature region is also very

large. This transition is regarded as due to the glass-rubber transition of the

sample57). Therefore, the a'CEC process is considered to result from the short range

diffusional motion of the segment along the main chain, i.e., the micro-Brownian

motion. In this connection, the chang in D for conventional CEC in this

temperature range was too small to be detected as shown in Figure 6-4a.

The rCEC process is explained with the aid of the results of dielectric measure

ments for cyanoethylated cellulose after Mikhailov et a1.38). They reported that

the orientational polarization of cyanoethyl groups present in cellulose side chain

caused a dielectric relaxation in the temperature and frequency ranges comparable

to those for rCEC process. From this evidence, the rCEC process can be attributed

to the motion involving the cyanoethyl groups of the side chain. The cause of

the PCEC remains to be assigned. This process may be ascribed to a kind of

complex motion of the conventional CEC and water contained.

Noting the sample G next, both E' and E"-temperature curves were agam

quite different from those for the conventional CEC as in the other physical

properties mentioned above. Concerning E"-temperature curve, both the pa and

ra processes revealed a distinct peak, while the a'a process appears as a high

temperature shoulder to the pa peak. On the other hand, the tan a-temperature

plots in the a'a region exhibited a marked peak but those in the pa and ra regions

give a shoulder. Hence, the apparent activation energy, JE, for the a'a process was

determined from tan a-temperature curves and those for the pa and ra processes

were determined from E"-temperature curves. With respect to the a'a process, the

maximum value of tan aexceeds unity and the JE value is calculated to be 65.8

kcal/mol, which is of the order of principle dispersions. In addition, the change in

value of E' in this region is very large, extending from 5.0 x 109 to 1.3 X 108 dyn/cm-z

at temperatures between 60°C and 1l0°C. From this, the a'a process is considered

to be due to the glass-rubber transition. The glass transition temperature of the

sample G appeared considerably below that of the conventional CEC. This

phenomenon seems itimately related to the molecular mechanism of the pa process.

The pa process exhibiting a marked peak in E"-temperature curve induces a

remarkable change in E', extending by one order in magnitude in the temperature

range between -20°C and 80°C. The JE value for the process is calculated to

be 35.8 kcal/mol, which is almost of the order of the principle dispersions. These

quantities characterizing the pa proces seem to be unexpectedly large in magnitude,
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though they are observed in the glassy state. On the other hand, the temperature

frequency locations and maximum E" value of the ro process are similar to those

of the rCEC process. However, suppose that the motion of the cyanoethyl group

is responsible for the ro process as in rCEC process, the cause of the ~o process

disappears since, in this case, no molecular components in the sample are expected

to result in such a process ..

6.6 Introduction of oxymethylene groups in the side chain

In the following, an attempt was made to 'clarify the molecular relaxation

mechanism of both the ~o'and ro processes. . In relation to this, the findi~gs in

PART II for the acetylated cellulose prepared by acetylation in PF/DMSO medium

are worth reviewing. This acetylated cellulose is called cellulose oligo-oxymethylene

ether acetate, CAcOM, whose chemical structure is different from conventional

acetylated cellulose iIi that oxymethylene oligomer is introduced at the position

between glucopyranose ring and acetyl group. The introduction of oxymethylene

oligomer results from dissolving cellulose in PF/DMSO medium in which cellulose

is dissolved as cellulose hydroxy oligo-oxymethylene ether. For CAcOM, two

relaxation processes were observed in the glassy state. One stems from micro

Brownian. motion along the side chain independent of the micro-Brownian motion

along the main chain, resulting in a large relaxation 'such as the ~o process. The

other arises from the motion of the intervening oxymethylene group between

glucopyranose ring and acetyl group, and it appears in the vicinity of the ro
process. I should be noted that since the sample G is also' obtained by the reaction

of cellulose in PF/DMSO medium, it is most probable that the side chain of the

sample G is not composed of cyanoethyl group, but instead, it consists of

~(CH20)n-CH2-CH2-CNgroup. If this is the case, the micro-Brownian motion

along the side chain as in CAcOM is responsible for the ~o process in the sample

G.

However, cyanoethylation of celluloseoligo-oxymethylene ether in the presence

of slight amount of. strong basic catalyst such as NaOH or NaH results in rapid

elimination of hydroxy oligo-oxymethylene side group because of its unstable

hemiacetal structure. Therefore, it is necessary to clarify whether or not the

introduced hydroxy oligo-oxymethylene group in the side chain is removed when

Na/DMSO is used as a catalyst. Figure 6-6 shows E" versus temperature curves

at 110 Hz for the sample' B, acetylated Band ,CAcOM below room temperature.

For the sample B, a large relaxation process at around -50°C is observed; and the

process can be attributed to the motion of methylol group in a similar manner

as that in cellulose, since the sample B was not cyanoethylated to a great extent

as shown in Figure 6-1. On the other hand, for the acetylated B the relaxation
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Fig. 6-6. Variation of loss modulus Ell with temperature for B,
acetylated Band CAcOM at 110 Hz. Acetylated B was
prepared by acetylation in the reaction mixture which
gave B when it was poured into excess methanol.

process due to -CHzOH motion disappears, and instead, two other processes

appear at around -75°C and -5°C, respectively. It should be noted that these two

processes correspond closely to those for CAcOM. In addition, the thermodiagram

for acetylated B is also similar to that for CAcOM. Therefore, the acetylated B

is regarded as almost the same as CAcOM, indicating that the process in higher

temperatures is due to the micro-Brownian motion of the side chain and the

process in lower temperature is due to the motion of oxymethylene groups which

is located in the position between glucopyranose ring and acetyl groups. From

these findings, it was concluded that the formation of hydroxy oligo-oxymethylene

group in PF jDMSO was little affected even if basic catalyst, Na/DMSO, is added

to the system.

6.7 Molecular origin of the pG and rG processes

I t is not yet clear whether or not oxymethylene oligomer IS introduced at the
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intermediate po~ition between glucopyranose ring and cyanoethyl groups. For the

purpose of elucidating this point, E"-temperature curves at 110 Hz for the sample

G, acetylated G and CAcOM are compared in Figure 6-7. For the sample G, the

JG process may includes the motion of methylol groups because the absorption band

due to OH groups still remains in its infrared spectrum (Fig. 6-1). On the other

hand, for the acetylated G the 7G process shifts somewhat to a lower temperature

region, decreasing in height, but it still remains despite the absence of methy10l

groups. This slight change of the 7G process can be considered to be d,ue to the

extinction of the contribution of CH20H motion to the 7G process. It is of

interest to note that the 7G process in acetylated G corresponds closely to the

process in CAcOM which is due to the motion of oxymethylene groups between

glucopyranose ring and acetyl groups. However, acetyl contents in acetylated Gis

-100-



MOROOKA: Relaxation Processes in Cellulose Derivative

small because acetylated G is highly cyanoethylated prior to acetylation. Therefore,

if the oxymethylene groups are responsible for the ro process, they are required to

be situated in the position between glucopyranose ring and cyanoethyl groups as

well as between glucopyranose ring and acetyl groups. From these reasonings, it

is most probable that the ro process in the sample G is ascribed to the motion

initiated by oxymethylene groups in the side chain in addition to methylol groups.

If such is the case, the micro-Brownian motion along the side chain (which consists

of -(CH20) n-CH r CH2-CN) is considered to cause the (36 process showing marked

relaxation with a large LIE value. In this connection, the release of micro-Brownian

motion along, the side chain induces a weakening of interchain cohesive force,

facilitating chain backbone motion to lower the temperature region of the ll'o

process, as compared with that of ll'CEC process ...

6.8 Reconsideration of the infrared spectra of newly prepared cyanoethylated

cellulose

With above considerations in mind, one should again investigate infrared

spectra of the sample G. Figure 6-8 shows infrared spectra of the sample G,

conventional CEC and cyanoethylated xylan prepared in PF/DMSO medium. For
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Fig. 6-8. Infrared spectra of conventional CEC, G, and cyanoethylated
xylan. Cyanoethylated xylan was prepared from birch xylan
supplied from Aldrich Co. The preparation procedure is
almost the same as that for G. But, in this case, dissolution
time of xylan in PF/DMSO is about 31 min. 50 min shorter
than for G.
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conventional CEC, no absorption was observed at around 950 em-i. In contrast,

the spectrum of the cyanoethylated xylan exhibit a distinct absorption at about

950 em-i. By noting these two spectra, it is clear that the spectrum of the sample

G reveals absorption at the same band. On the other hand, it has been reported

that the absorption band due to stretching vibration of methylene dioxy groups58)

appears at· about 950 em-i. Consequently, it is concluded that the sample G has

oxymethylene groups in the side chain as expected before, and thus cyanoethylated

cellulose prepared in PF/DMSOmedium is regarded as a novel cellulosic material.

6. 9 Estimation of DS values

It is worthy to remember, here; that the DS values of conventional CEC and

sample G were calculated to be 2.3 and 1.3, respectively, though they seem similar

in DS from their infrared spectra. The cause of this discrepancy stemms from

taking no account of differences in chemical structure between the sample G and

conventional CEC, when their %N values are converted to the DS values.

Therefore, the conversion formula usually used for cyanoethylated cellulose such

as conventional CEC should be rewritten for the sample G, considering the

introduction of -(CH20)n- groups in the side chain. The result is expressed -as

follows;

DS= (162 x %N) /(1400+ %N- (54+30n) x %N),

15
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5

n .. O

n-1.8

o 1
1.3

os
2
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Fig; 6-9. Conversion diagrams of percentage of nitrogen contents
(%N) to DS value for cyanoethylated cellulose with and
without oxymethylene groups -:-(CHz)n- in the side chain.
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where n IS determined as 1.8 from the corresponding NMR intergral for CAcOM.

In case of n=O, the formula agrees with conventional conversion formula for

cyanoethylated cellulose. Figure 6-9 shows the relation between %N and DS for

cyanoethylated cellulose whose n values are 0 and 1.8, respectively. From the

figure, it is found that %N of 11.3 for conventional CEC and 7.9 on the curve in

Figure 6-2 correspond to the same DS value of 2.3, when they are calculated from

respective conversion formula. In the same manner, the DS value of the sample

G with %N=8.3 is estimated to be about 2.5.

Further evidence for DS value of the sample G is given in Figure 6-10 by the

comparison of infrared spectra of the sample G, acetylated G and CAcOM with

DS=0.5. For the acetylated G, it is clear that there was little absorption band

due to residual OH groups, while the absorption band due to C=O groups at

1,350 cm-1 is recognized. It should be emphasized that when the absorption ratio

of A1750/A llOO is adopted as a measure of the degree of acetylation, the value of

A175o/AllOO for the acetylated G is similar to that of CAcOM with DS=0.5. Therefore~

it is concluded that the DS of the sample G is ca. 2.5.
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Fig. 6-10. Infrared spectra of G, acetylated G, and CAcOM
with DS=O.5.
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Conclusion

For the future increase in the use of cellulose derivatives as plastic materials,

the auther intended to clarify fundamental features of their physical properties,

especially viscoelastic properties. The samples used were cellulose acylates series,

COAs series, and novel cyanoethylated cellulose. These polymers have a common

feature in that the motional unt of the main chain is bulky glucopyranose ring

while that of the side chain mainly involves small size group such as methylene

unit. Such a structure is substantially different from that of usual synthetic

polymers. From this, cellulose derivatives examined were expected to show unique
relaxation phenomenon as compared with those in synthetic polymers.

Regarding cellulose acylates series, five kinds of mechanical relaxation process

(am, ~m, Wm, rm, and r'm processes) and four kinds of dielectric processes (ad, ~d,

rd, and r'd processes) were detected within the frequency and temperature ranges

examined. They were attributed, respectively, to the micro-Brownian motion of the

main chain (am, ad), the motion of the side chain (~m, Wm), motion of oxycarbonyl

group (~d), motion of three or more methylene groups (rm, rd), and motion of two

methylene groups (r'm, r'd). Since the dielectrically active oxycarbonyl group in the

side chain is bonded direc~ly to the glucopyranose ring, its orientational polarization

(~d) did not reflect the side chain motion (~m), although other processes with the

same Greek letters were similar in molecular mechanism. For the higher homologue

with linear acyl side chain, unexpectedly large relaxation was observed in the region

of the ~m process. The side chain motion responsible for the ~m process was

considered to shift from the hindered rotation or the twisting to the micro-Brownian
motion of the side chain with increas,ing the side chain length.

The COAs are different in chemical structure from the above cellulose acylates

in that the oligo-oxymethylene groups are bonded between glucopyranose ring and

acyl side group. With respect to COAs series, four kinds of mechanical relaxation

process (a, ~, r, 0 and 0') were detected in the range similar to that employed for

cellulose acylates. These a and 0' processes were, respectively, attributed to the

micro-Brownian motion of the main chain (a), motion of the side chain (~), motion

of oligo-oxymethylene group (r),· motion of three or more methylene groups (0),

and motion of two methylene groups (0'). In contrast to cellulose acylates series,

the ~ relaxation was very large in magnitude even for the acetate in COAs. The

activation energy and activation entropy for the ~ process in all COAs were

calculated to be ca. 30 kcal/mol and 100 eu, respectively. The process was thought

to be due to the micro-Brownian motion in the side chain as was observed in

cellulose acylates with long acyl side chain. The occurenceof such motion for COAs

with short acyl side chain was explained by considering the role of oxymethylene
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group in the side chain. From the above results, it was concluded that both cellulose

acylates and COAs are characterized by observing that the micro-Brownian motion

in the side chain appears separately from that of the main chain. In this connection,

with increasing acyl side chain length, the difference in viscoelastic properties

between cellulose acylates and COAs became negligibly small because the (3'm loss

peak in cellulose acylates and r loss peak in COAs become to merge into the

dominant pm and ppeaks, respectively. Although the presence of the pprocess is

characteristic for all COAs with linear side chain, it was also possible to eliminate

the p process by introducing bulky group such as glucopyranose ring in the side

chain.

On the basis of the above results, the auther finally examined chemical structure

and physical properties of cyanoethylated celluloe prepared by the reaction in

PFjDMSO medium. This cyanoethylated cellulose was found to be a novel cellulose

derivatives, which includes oligo-oxymethylene groups at the position between

glucopyranose ring and cyanoethyl group in the side chain. The new polymer

exhibited the micro-Brownian motion in the side chain as well as that of the main

chain as in cellulose acylates or in COAs. Also, it gave clear, transparent films

which suggests the posibility of being applicable to various new fields.
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