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ABSTRACT 

Homogeneous acetylation of cellulose dissolved in the dimethyl 
sulfoxide(DMSO)/parafonnaldehyde(PF) system was investigated. Char- 
acterization of the acetylated products was performed to evaluate 
the dissolution mechanism. The dissolution reactions are reasonably 
divided into three steps: (1)immediately after the dissolution, in- 
itial methylolation of cellulose; (2)further methylolation to form 
oligo-oxymethylene side chains on the cellulose backbone; (3)de- 
methylolation, that is, the break down of the side chain by pro- 
longed heating. The p o s s i b l e  methylolation reaction sites are all 
hydroxyls of the anhydrous glucose unit while the C-6 position is 
most reactive. Manipulation of the side chain lengths by control 
of the dissolution conditions makes it possible to prepare acetates 
with different thermal properties: Tg varied 35°-102.50C and Tm 65" 
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60 M Y A G I  ET AL. 

-122.5"C, depending upon the  s i d e  cha in  length.  Triethylamine(TEA) 
was prefered  t o  pyr id ine ,  as a promotor of a c e t y l a t i o n ,  i n  order 
t o  understand the  d i s s o l u t i o n  mechanism. 

INTRODUCTION 

Over the  las t  t en  yea r s ,  t h e r e  has  been inc reas ing  i n t e r e s t  

i n  t he  use of organic  so lven t s  f o r  d i s so lv ing  ce l lu lose .  For exam- 

p l e ,  c e l l u l o s e  can be d isso lved  i n  a dimethylformamide so lu t ion  of 

d in i t rogen  t e t rox ide ,  as w e l l  as a dimethyl sulfoxide(DMS0) solu- 

t i o n  of a mixture of s u l f u r  d ioxide  and amines. More recent ly ,  i n  

1976, Johnson and coworkers' repor ted  t h a t  c e l l u l o s e  i s  a l s o  solu- 

b l e  i n  DMSO conta in ing  less than 1 X of  d isso lved  paraformaldehyde 

(PF). The mechanism by which c e l l u l o s e  d i s so lves  i n  the  DMSO/PF 

mixture w a s  shown t o  involve t h e  formation of methylol c e l l u l o s e ,  

which is s t a b i l i z e d  through hydrogen-bonding wi th  DMSO i n  t he  solu- 
I t i o n  . F i r s t  the  C-6 hydroxyl group of the  anhydrous glucose r ing  

of c e l l u l o s e  w a s  thought t o  be the  only methylolation s i re ,  but i t  

was later repor ted  t h a t  cons iderable  s u b s t i t u t i o n  occurs a l s o  a t  

the  C-2 and C-3 secondary hydroxyl groups depending on the  condi- 

t i o n s  of the  d i s s o l u t i o n  2 ' 4 ' 5 .  It has  a l s o  been t e n t a t i v e l y  sug- 

gested t h a t  c e l l u l o s e  i s  d isso lved  as monomethylol c e l l u l o s e  i n  

the  ~ o l v e n t l - ~ ,  bu t  i t  has been proved by more r ecen t  s tud ie s  t h a t  

c e l l u l o s e  is d isso lved  as c e l l u l o s e  hydroxy oligo-oxymethylene 

ether4-?.  The ex ten t  of t he  s u b s t i t u t i o n  a t  each hydroxyl group 

and the  l eng th  of t he  oligo-oxymethylene chains a t tached  t o  the  

c e l l u l o s e  backbone a r e  dependent on t he  d i s so lu t ion  condi t ions  4-7 . 
I n  order  t o  c l a r i f y  the  s u b s t i t u t e d  pos i t i ons  and the  s i d e  

cha in  lengths  in  t h e  methylol c e l l u l o s e  wi th  regard t o  t h e  d isso lu-  

t i o n  condi t ions ,  chemical s t a b i l i z a t i o n  of t h e  methyl01 c e l l u l o s e  

through a c e t a l a t i o n  o f  i ts hemiacetal  uni t  i s  des i r ab le .  By con- 

v e r t i n g  the methylol c e l l u l o s e  t o  such s t a b l e  subs tances ,  i t  be- 
came easier t o  ana lyze  the  compounds success fu l ly .  

Homogeneous s i l y l a t i o n  of t he  methylol c e l l u l o s e  i n  t h e  DMSO/ 
7 

PF so lven t  system w a  i nves t iga t ed  i n  our previous experiment . 
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THERMAL PROPERTIES OF ACETATES 61 

The s i l y l a t i o n  reaction w a s  found to  proceed a t  a rate f a s t  enough 

t o  prevent  a l t e r i n g  t h e  hemiace ta l  s t r u c t u r e  which had been formed 

i n  t h e  methylo la t ion  of  c e l l u l o s e .  However, the NMR s p e c t r a  of t h e  

p r o d u c t s  r e v e a l e d  r e l a t i v e l y  l i m i t e d  i n f o r m a t i o n  on t h e  s u b s t i t u t e d  

p o s i t i o n s  and t h e  s i d e  cha in  l e n g t h s ,  though they  were c a r e f u l l y  

i n t e r p r e t e d  . 7 

Homogeneous a c e t y l a t i o n  of  t h e  methylo l  c e l l u l o s e  i n  t h e  DUSOf 

PF s o l v e n t  system proceeds a t  a s lower  rate than t h a t  of s i l y l a t i o n .  

T h i s  i s  an unfavorable  f a c t o r ,  because i t  i s  p o s s i b l e  t h a t  some 

changes i n  t h e  chemical  s t r u c t u r e s  o f  t h e  d i s s o l v e d  c e l l u l o s e  

would occur .  However, t h e  a c e t y l a t i o n  w a s  e f f e c t i v e l y  u t i l i z e d  i n  

a n a l y z i n g  t h e  chemical  s t r u c t u r e s  of  c e l l u l o s i c  polymer by 

Pro tons  of methylene groups a d j a c e n t  t o  t h e  a c e t y l  groups resonate  

a t  about  0.42 ppm lower magnetic f i e l d  than t h o s e  of t h e  i n n e r  

methylene groups of t h e  s i d e  cha in ,  making i t  p o s s i b l e  t o  d e t e r -  

mine t h e  average  l e n g t h  of  t h e  s i d e  c h a i n s .  Furthermore, 13C-NMR 

s p e c t r a l  a n a l y s e s  of t h e  a c e t y l a t e d  p r o d u c t s  y i e l d  much more in-  

formation concerning t h e  s u b s t i t u t e d  p o s i t i o n  of t h e  oligo-oxymeth- 

y l e n e  s i d e  c h a i n s  . 

1 H-NMR4 ”. 

6,7  

The p r e s e n t  paper  d e s c r i b e s  t h e  r e l a t i o n  between t h e  d i s s o l u -  

t i o n  c o n d i t i o n s  of c e l l u l o s e  and t h e  chemical  s t r u c t u r e s  of  t h e  

r e s u l t i n g  products .  P a r t i c u l a r l y ,  t h e  s u b s t i t u t e d  p o s i t i o n s  and 

t h e  s i d e  c h a i n  l e n g t h s  formed i n  t h e  polymer are examined w i t h  

r e s p e c t  t o  t h e  d i s s o l u t i o n  c o n d i t i o n s .  It also r e p o r t s  thermal  

p r o p e r t i e s  of a series of ( c e l l u l o s e  oligo-oxymethylene e t h e r )  t r i-  

acetates having d i f f e r e n t  l e n g t h s  of t h e  s i d e  c h a i n s .  

EXPERIMENTAL 

Materials 

The c e l l u l o s e  used w a s  Whatman c e l l u l o s e  powder CF-11. TWO 
k i n d s  of paraformaldehyde f o r  e l e c t r o n  microscopy (98 % c o n t e n t ) :  

from Nakarai Chemicals ( s p e c i a l l y  prepared  r e a g e n t ,  EMS-80) and 
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62 MIYAGI ET AL. 

Taab Labora tor ies  were used. The former w a s  a powdery substance 

and the  la t ter  has a granula ted  form. The latter decomposes more 

r e a d i l y  upon hea t ing  than t h e  o the r .  Dimethyl su l foxide  (DMSO) 

used a s  so lvent ,  acetic anhydride and py r id ine  OK t r ie thylamine  

(TEA) used as a c e t y l a t i n g  agents  were a l lguoranseed  grade. T r i -  

ethylenediamine (DABCO) w a s  used as a c a t a l y s t  f o r  methylolation 

of c e l l u l o s e  i n  DMSQjPF. Methyl a lcohol  precooled deeply with 

l i q u i d  n i t rogen  was used as a p r e c i p i t a n t .  

Prepara t ion  of Cel lu lose  Solu t ion  

The method f o r  t h e  p repa ra t ion  of t h e  c e l l u l o s e  so lu t ion  used 

i n  t h i s  experiment i s  e s s e n t i a l l y  s i m i l a r  t o  t h a t  reported by 

Johnson and coworkers'. However, i n  order  to ob ta in  information on 

the  process of t he  d i s so lu t ion ,  f a c t o r s  such a s  temperature-time 

schedule f o r  t he  d i s s o l u t i o n ,  t he  types and t h e  amounts of para- 

formaldehyde, and o the r s  inc luding  the  use of t he  c a t a l y s t  f o r  

methylolation vere  examined according t o  experimental  requirements. 

The standard procedure i s  as follows: d r i ed  c e l l u l o s e  (1 g )  

and PF powder (2 g) were well dispersed  i n  DMSO (25 m l )  a t  room 

temperature. The mixture w a s  then heated under rap id  s t i r r i n g  ac- 

cording t o  the  designed temperature-time schedule.  Examples of 

var ied  condi t ions  of the  d i s s o l u t i o n  are l i s t e d  i n  Table 1. I n  

some experiments less than 2 g of PF w a s  used. 

Ace t y l a  t i o n  

To the  c e l l u l o s e  so lu t ion  prepared and cooled t o  room tempera- 

t u r e  j u s t  before  the  ace ty l a t ion ,  py r id ine  (12.5 ml) and a c e t i c  

anhydride (17.5 m l )  were added dropwise through a pressure  compen- 

sa t ed  funnel  under continuous s t i r r i n g .  A s  a p a r t  of the experi-  

ments t r ie thylamine  (TEA) (3  m l )  and a mixture of a c e t i c  anhydride 

(6 ml) and TEA (3 ml) were added success ive ly  l ikewise ,  while the  

temperature of the  r e s u l t i n g  mixture w a s  kept under 25 O C  with  

cons tan t  s t i r r i n g .  A f t e r  t he  add i t ion  of the  a c e t y l a t i n g  agents 

t he  mixture was allowed t o  s tand  a t  room temperature f o r  96 h r s  

i n  the  former a c e t y l a t i n g  process wi th  py r id ine  and 24 h r s  i n  t h e  
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THERMAL PROPERTIES OF ACETATES 63 

TABLE 1 Effects of cellulose dissolution and acetylation condi- 
tions on the molecular structures (i.e. side chain length) 
of resulting products. 

Cond. for Dissolution Acetyla- 

Mediuma PF/Cell. Temperature Sample PF tion MS I/E 
(CAcOM) ( X I X )  Program 

21, (I) Taab 0.711.0 97-106"C/17min. TEA 2.2  0.1 

18,(I) Taab 0.7411.0 97-108"C/32min. Py 3.0 0.6 

19, (I) Taab 1.011.0 97-106"C/llmin. TEA 3.7 0.4 
106 2 l"CI13min. 

22,  (1) Taab 1.611.0 96-105°C/llmin. TEA 3.6 0 . 5  

11,(II) EMS-80 2.011.0 97-115'~/3Omin. Py 5 .5  1.2 
115-116°C/60min 

14,(II) Taab 2.0/1.0 110-114"C/ 3min. Py 7.0 1.6 
114 2 1°C/19min. 

14,(II) Taab 2.0/1.0 I,  TEA 5.1 1.5 

26, (11) EMS-80 2.0/1.0 83-120°C/32min. Py 5.3 1.4 
120-122"c/14min. 

4, (11) EMS-80 2.0/1.0 98-120°C/20min. Py 6.1 1.6 
123f0.5O~l 8min. 

20, (111) EMS-80 2.0/1.0 99-130°C/28min. TEA 1.9 0.4 
130f0.5°C120min. 

5, (111) EMS-80 2.0/1.0 86-121°C/30min. Py 2.5 0.6 
121-13O0Cl33min. 
130f0.5OCI27min. 

15, (111) EMS-80 2.011.0 83-120"C/23min. Py 1.6 0.2 
120-13oaC/~hin. 
130f0.5"C/27min. 

15, (111) EMS-80 2.011.0 11 TEA 1.2 0.0 

24,(III) EMS-80 2.011.0 84-122"C/28min. Py 1.3 0.2 
122-130"CIlOmin. 
130 f l"C173min. 

a) TEA: triethylamine, Py: pyridine. 

Acetylation: 25 OC, 96 hrs(with Py) or 24 hrs(with TEA). 
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64 MIYAGI ET AL. 

latter case with TEA. The rather long reaction time was employed 
to ensure peracetylation. The reaction mixture was then poured 
into an excess amount of methyl alcohol deeply precooled with liq- 

uid nitrogen, and the precipitates were filiered or centrifuged 
at ca. 10,000 rpm. The crude product was purified by repeated dis- 

solution-and-precipitation technique. 

Analyses and Characterization 

The purity of the acetylated products obtained were examined 

by gel permeation chromatography using a SHIMADZU GPC 700. Tetra- 
hydrofuran was used as the solvent at 4O0-5OoC,  the flow rate was 
ca. 1 mllmin, using SG-1 through -6 colurans which cover the molec- 

6 ular weight of polymers from 350 through 3 x 10 in permeability. 
An R-22 HITACHI high resolution NMR spectrometer (90 MHz) and a 
JEOL JNM-FX 100 Fourier Transform NMR spectrometer (25.05 MUz) 

were used for H-NMR and I3C-NMR respectively. NMR spectra were 
run using chloroform-d as the solvent containing tetramethyl- 
silane as the internal reference. Three and 10 % solutions of each 
sample were prepared for %-NMR and 13C-NMR measurements respec- 
tively. For the 13C-NMR measurements, all protons were decoupled. 

Chemical shifts are given in &-values. The h-NMR measurements in 
the presence of a lanthanide shift reagent were undertaken using 

a 3 4 solution of the (cellulose oligo-oxymethylene ether) tri- 
acetate containing up to 0.1 M of Eu(dpm)3 in chloroform-d A 
HITACHI EPI-G3 grating doublebeam spectrometer was used for IR 
spectroscopic measurements. The KJ3r disk technique was employed. 

1 

1 

1' 

Thermal Softening and Melting Temperature Measurements 

Thermal softening and melting of the acetylated cellulose de- 
rivatives were observed as the collapse of column powder under a 
constant load of 3 Kg/cm in a heated glass capillary tube using 
a SHINKU RIKO's thermomechanical analyzer TM 1500. The measure- 
ments were conducted over the temperature range from 30" to 350'C 
.at a programmed heating rate of l"C/min. 

2 
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CACOM- 4 W/ Eu(Df'td3 

65 

RESULTS AND DISCUSSION 

P u r i t y  

Neither GPC curves nor IR s p e c t r a  f o r  the ace ty la ted  prod- 

uc t s  prepared and p u r i f i e d  as described i n  the experimental sec- 

t i o n  showed s i g n i f i c a n t  contamination by any low molecular weight 

substances. I n  $-NMR spec t r a  (Fig. 1, upper h a l f )  no s igna l s  at- 

t r i b u t a b l e  t o  the  so lven t s ,  reagents ,  o r  by-products were de tec ted ,  

e i t h e r .  Thus the  repeated p r e c i p i t a t i o n  technique employed u t i l i z -  

CAcOM- 4 

FIGURE 1 Effec t s  of Eu(dpmI3 on two d i f f e r e n t  methylene dioxy 
proton peaks of ( ce l lu lose  oligo-oxymethylene e the r )  
triacetate, CAcOM. 
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66 MIYAGI ET AL. 

ing deeply-cooled methyl alcohol ae the precipitant was a suitable 
method for the separation and purification of (cellulose oligo-oxy- 
methylene ether) triacstate, CAcOM. 

2 The IR spectra have been interpreted previously which reveals 

that the acetylation has proceeded satisfactorily. 

Oxidation of Cellulose by DMSO/Acetic Anhydride 
Seymour and Johnson9 have discussed the possible oxidation of 

cellulose when acetic anhydride was used as an acylating agent in 
the DMSQJPF system. It was postulated that, in the acetylation 
system, dimethyl acetoxysulfonium acetate is formed, and the di- 

methyl acetoxysulfonium ions are believed to mediate the acetyla- 
tion and the oxidation of the cellulose to form cellulose acetates, 
2,3-diketo-cellulosics, and their corresponding hydrates. Oxidized 
cellulosics, in line with the discussion above, were shown to con- 
tribute toward the color change (dark amber color) i n  their prod- 
ucts obtained in the DMSOJPF system . 9 

It is necessary, however, to take into account the roles of 
pyridine added in the system. Chemical species subject to the at- 
tack by acetyl carbonium ion (CH3&=O) or acetic anhydride in addi- 
tion to cellulose, are DMSO and pyridine, if the latter is added to 
the cellulose solution as in the Seymour and Johnson's' and other 

2 , 4 - 6 , 8  experiments 

more easily formed than acetoxydimethylsulfonium ion, because the 
nucleophilicity and basicity of the lone electron pair of pyridine 
is stronger than that of DMSQ by several orders. Furthermore, it 
should be pointed out that the rate of acetylation of cellulose with 
acetylpyridinium salt is substantially higher than that of the reac- 
tion between cellulose and the acetoxydimethylsulfonium salt. 

. In this case, acetylpyridinium intermediate is 

It was shown, on the other hand, that sterically less hindered 
hydroxyl groups (equatorial) were not oxidized smoothly with DMSO/ 

acetic anhydride forming actually a small amount of carbonyls, ox- 
idized products, (for example, 13 % in the case of an alkaloid) and 
a large amount of the corresponding methylthiomethoxy derivatives 
( 5 6  X in the same case), while the oxidation proceeded slowly but 
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THERMAL PROPERTIES OF ACETATES 67 

smoothly with high yield at sterically hindered hydroxyl groups (axi- 
al>I3. Cellulose has sterically less hindered equatorial hydroxyl 
groups. Though the reaction of cellulose with the methylthiomethoxy 

groups is more probable than its oxidation, elemental analyses of 
our acetylated products revealed no sulfur content indicating that 
methylthiomethoxy functions were not incorporated into these prod- 
ucts. 

From these discussions and the finding, it is concluded that 
the oxidation of cellulose, that is, the formation of 2,3-dlketo 
cellulose , does not take place very readily during the acetyla- 
tion of cellulose by pyridine and acetic anhydride in the DMSO/PF 
system. 

9 

When triethylamine (TEA) was used Instead of pyridine, as will 
be discussed later, the acetylation was almost completed within 6 

hrs at 25 ‘C and yielded products without the dark amber color. Thus 
it is a reasonable explanation that the change in color of the prod- 
ucts obtained by acetylation in the presence of pyridine is due to 
contamination of the acetyl pyridinium derivatives in the acetylated 
products . 

Lengths of Side Chain 
7 Experiments on acetylation 4 9 5 9 6  and trimethylsilylation re- 

vealed that cellulose is dissolved in the DMSO/PF system as meth- 
ylol cellulose with oxymethylene units formed from formaldehyde 
which compose side chains of lengths or molar substitution (MS) 
controllable by dissolution conditions. 

Figure 1 shows further evidence for the formation of ollgo- 
oximethylene side chains. The acetyl methyl protons resonate at 
around 2.1 ppm and the cellulose ring protons are observed as a 
broad band occurring between about 3.2-5.6 ppm4 * ’ ’ . The carbonyl 
of the acetyl group deshields the neighboring protons such that the 
methylene dioxy protons at the end of the side chain give a peak 
near 5.3 ppm and the inner methylene dioxy protons not deshielded 
resonate at about 4 . 9  ppm . These methylene dioxy proton peaks and 
some of the cellulose ring proton peaks are overlapping. Intensities 

4 
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68 MIYAGI ET AL. 

of the two types of the methylene proton peaks were utilized to 
evaluate the MS of the methylol cell~lose~’~. To obtain the spectrum 
of the lower part of Pig. 1, a paramagnetic shift reagent, tris(di- 
p1valoylmethanato)europium (Eu(dpm1 3 ) ,  was added to the chloroform 
-dl solution of the CAcOM sample. This reagent strongly coordinates 

with the oxygen of carbonyl group when compared to the ether oxygen. 

Hence comparatively greater downfield shift, about 19 Hz, is observ- 
ed for the methylene dioxy protons next to the carbonyl groups ( 5 . 3  

ppm). And a smaller downfield shift, about 11 Hz, is observed for 
the inner methylene dioxy protons ( 4 . 9  ppm). This clearly indicates 
that the side chain consists of two different types of protons, one 

near to and another distant from the carbonyl group. 
In order to obtain more confirming information on the b-NMR 

results, ethyl and isopropyl alcohol were treated under the cellu- 
lose dissolution conditions in the DMSO/PF system. Figure 2 shows 

I 
I I I I I I I 1 I I I I I 

6.0 50 4.0 3.0 2 .o 1.0 0 
PPM (6 1 

FIGURE 2 ‘H-NMR spectrum of mixture of acetates of (monoisopropyl 
ethers of oligo-oxymethylene glycols). 
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THERMAL PROPERTIES OF ACETATES 69 

1 the H-NMR spectrum of the methylolated isopropyl alcohol followed 
by acetylation. The sample was found to be a mixture of acetylated 

products of methylolated isopropyl alcohol with different numbers 
of oxymethylene unit ranging mainly from one to three. The acety- 
lated product with one oxymethylene unit gives a single peak of 
methylene dioxy protons at 5.29 ppm (p) as a result of the inductive 
effect of the carbonyl. With two units, the methylene dioxy protons 
next to the acetyl function resonate at 5.33 ppm (r) likewise, and 

the other at 4.82 ppm (9) unaffected by the carbonyl. With three or 
more, trimeric side chain or longer, the protons at the end of the 
side chain resonate at 5.33 ppm (r), those in the middle of the 

chain at 4.87 ppm (x), and those attached to the isopropyl alcohol 
moiety at 4 .82  ppm (9). For ethyl alcohol, similar results were ob- 

tained. The assignment of the chemical shifts was based on those 

of the acetylated monoethyl or monoisopropyl ethers of polyoxymeth- 

ylene glycol up to the tetramers isolated by fractional distilla- 
tion . 14 

We were then interested in preparing CAcOM samples with dif- 
ferent side chain lengths. Acetylated methylol cellulose, dissolu- 

tion type I (designated as CAcOM-sample number, (I)) was prepared 
by acetylation of the methylol cellulose obtained immediately after 
the dissolution of the cellulose (PF/cellulose: 0.7-1.611 by weight). 
In this case, PF with a granulated form (Taab) was used so as to 
make it possible to ascertain the completion of dissolution immedi- 
ately after it was accomplished. The dissolution of cellulose was 
completed by heating up to 108 'C. Acetylated methylol cellulose, 

dissolution type I1 (CAcOM-sample number, (11)) was prepared through 
acetylation of the methylol cellulose solution obtained by further 
heating of the dissolved cellulose up to the temperature of 123 "c, 
in the presence of excess paraformaldehyde (PF/cellulose: 211 by 

weight at the start of the reaction), and acetylated methylol cellu- 
lose, dissolution type I11 (CAcOM-sample number, (111)) was obtained 
by acetylation of the methylol cellulose solution which has been 

submitted to prolonged heating at 130 'C or higher temperature. In 
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these two cases, PF of both the powdery and the granulated forms 
could be used. 

Typical b-NMR spectra of these three types are shown in Fig. 

3. The integral of the spectra allowed calculation of the length of 
the polyoxymethylene side chain4*’. The portion of the integral due 
to the 0-acetyl substituent was set equal to nine 

seven ring protons of the anhydroglucose unit were then subtracted 

from the remaining integral which left the number of protons per an- 

hydroglucose unit contributed by the methylol ~ubstituents~. The MS 

is equal to one-half the value of the methylol protons per anhydro- 

glucose unit . Furthermore, if it can be assumed that the signal at 
65.3 ppm is due only to protons of methylene dioxy at the end of the 
side chain, the number of protons of the end methylene dioxy groups 

(E) and that of other inner methylene protons (I) of the polyoxy- 
methylene chain are separately obtainable. The I/E values, togeth- 
er with the MS values, are shown in Table 1, related with dissolu- 

tion and acetylation conditions. These values are good indications 

of the degree of substitution and the length of the side chain. 

The 

5 

From the table and Fig. 3, it was learned: that three types of 
CAcOM (I through 111) different in the length of the side chain can 
be prepared by control of the cellulose dissolution conditions; 

that CAcOM-I and -111 have shorter side chains or lower MS compared 

with CAcOM-11; that the cellulose solutions are stable during the 

acetylation reaction following the dissolution; and that pyridine 

can be replaced by TEA. 
For the last point above further comments can be made. The use 

of TEA was found to be more favorable over pyridine. A CAcOM-111 
sample of a low I/E value was chosen to compare the effects of these 
two basic promotors on the acetylation. The fI-NMR spectra of the 
two differently acetylated products are shown in Fig. 4. The acety- 
lation time of 96 hrs was employed for the pyridinelacetic anhydride 
combination and 24 hrs for the TEA/acetic anhydride combination. 
Tvo points to be noted on the acetylation are: (I) shorter reaction 
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I 

J I I I I I ' A- 
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 C 

P p n ( 6 )  

FIGURE 3 'H-NMR spectra of three types of (cellulose oligo-oxymeth- 
ylene ether) trlacetate, CAcOM-(I), -(III), and -(III). 
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-OM-9, P y / k , O  

&OM - 9, T W A c . 0  

1 I I I I 1 I I I I 

90 a o  70 60 50 1 0  30 20 1 0  0 
ppm(61 

FIGURE 4 Comparison of %-NMR spectra of (cellulose oligo-oxymeth- 
ylene ether) triacetates, CAcOM, acetylated by pyridinel 
acetic anhydride and triethylamine/acetic anhydride. 

times can be employed to obtain highly acetylated products with TEA; 
and (2)  the products obtained with TEA do not undergo any color 
change. The shape of the acetyl methyl proton peaks suggests that 
the original oxymethylene unit distribution along the cellulose back 
bone, obtained just after dissolution, can be preserved for shorter 
reaction duration, that is, when TEA is used in the acetylation 
system. 
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It is well-known that autoxidation or Cannizzaro reaction of 
formaldehyde gives formic acid. DMSO, when heated in air, gives a 

trace amount of strong acid, probably CH3S03H. The demethylolation 
leading to the CAcOM-I11 is, however, not mainly due to acids formed 
in situ but probably due to thermal reaction, since it was observed 

even with a basic catalyst, triethylene diamine (DABCO) in DMSO/PF 
system. DABCO is thought to assist base-catalysed nucleophilic addi- 
tion of cellulose to formaldehyde. Hence, when DABCO was used as a 
catalyst, the dissolution of cellulose can be achieved within a 

short period at about 110 'C, substantially lower than without the 
catalyst. 

Methylolation Sites 
I3C-NMR spectra of CAcOM-I through -111 and cellulose triacet- 

ate are shown in Fig. 5 .  By comparison of the CAcOMs with the cellu- 

lose triacetate, peaks in the area of 80.8-98.9 ppm are attributed 
to the oligo-oxymethylene side chain carbons. This was confirmed by 
13C-NMR analyses of acetylated products of methylolated ethyl and 

isopropyl alcohol14. That is, in the case of acetate of (monoethyl 
ether of polyoxymethylene glycols), the acetylated product with one 
oxymethylene unit gives a single peak of methylene dloxy carbon at 
89.8 ppm. With two units, the nethylene dioxy carbon next to the ace- 
tyl group resonates at 85.6 ppm. and the other at 94.1 ppm unaffect- 
ed by the carbonyl. With three or more, trimeric side chain or long- 

er, the carbon at the end of the side chain resonates at 85.8 ppm, 
that in the middle of the chain at 90.5 ppm, and that attached to 

the ethyl alcohol moiety at 92.4 ppm 14 . 
On the other hand, at 62.1 ppm the carbons of the C-6 position 

which are not methylolated resonate, and C-2 and C-3 carbons at 
around 72.5 ppm. The C-1 carbon resonates at around 100 ppm. All 
three CAcOM samples exhibit new peaks due to downfield shifts of 

about 5 ppm for the C-6 (the new peak at 67.0 ppm) and C-3 and -2 

(74.4 ppm) carbons compared with the triacetate. The downfield shift 
clearly demonstrates that the methylolation takes place at these 

positions, as the new lower magnetic field peaks are of the carbons 
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FIGURE 5 13C-NMR spectra of cellulose triacetate, CTrAc, and three 
different (cellulose oligo-oxymethylene ether) triacetates, 
CAcOM-(I), -(II) , and -(III). 
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which form ether bonding with the acetoxy oligo-oxymethylene side 
chain. The shift from the original carbon peaks are in a good agree- 
ment with calculations based on the additivity rule. Further exami- 
nations reveal that only one peak at 67.0 ppm, a new peak, is ob- 
served for the C-6 carbon in the CAcOM-I1 sample, while both new 
peaks at around 74.4 ppm and the original at around 72.5 ppm are 
observed for the C-2 and -3 carbons. As for the CAcOM-I11 the situ- 

ation is similar to that with the CAcOM-I which has the original 

and new peaks for all the C-6, -2, and -3 carbons. 

These findings indicate: (1) that, for the dissolution type I, 
cellulose dissolves in the DMSO/PF system as partial methylolation 
takes place at all of C-6, - 2 ,  and -3 positions, while the C-6 is 
most reactive; ( 2 )  that, with the dissolution type 11, unreacted 
hydroxyl groups are further reacted and especially the hydroxyl 
groups at almost all C-6 position are methylolated (as the side 

chain becomes longer as indicated by the h-NMR spectra); and (3) 
that, with the dissolution type 111, demethylolation proceeds to 
expose free hydroxyl groups at all of C-6, -2 ,  and -3 positions, 
especially at C-6 position (as the side chain becomes shorter). 

Thermal Properties 

Acetylated products with I/E values (an indication of the side 
chain length) of 1.2 (CAcOM-11, (II)), 0.6 (CAcOM-5, (III)), and 
0.0 (CAcOM-20, (111)) were chosen for thermal property analyses. 
Apparent melting points (Tm) and glass transition temperatures (Tg) 

were obtained and the thermomechanical curves are shown in Fig. 6. 
These temperatures were found t o  decrease tremendously by the intro- 
duction of the oligo-oxymethylene chain between the pyranose ring 
and the acetyl group. These temperatures become lower with an in- 
crease in the length of the side chain. 

The relation between physical and thermal properties and the 

side chain length or introduced functional groups at the end of the 
side chain should be studied in detail. Some of them are under way 

and will be reported elsewhere. 
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0 50 100 150 

FIGURE 6 Thennomechanical behavior of (cellulose oligo-oxymethylene 
ether) triacetates with different I/E values of 1.2 (CACOM 
-11, (II)), 0.6 (CAcOM-5, (II)), and 0.0 (CAcOM-20, (111)). 
A :  deformation; a ( T ) :  rate of deformation at temperature T 
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