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ABSTRACT: The dissolution process and dissolved state of cellulose into a 
dimethylformamide--chloral-pyridine (D-C-P) system were studied by optical microscopy, nuclear 
magnetic resonance (NMR), polarimetry, infrared (IR) spectroscopy, and X-ray diffraction 
method. Natural cellulose with crystal form I dissolves rapidly at room temperature, via hemiacetal
type reaction with chloral, in which pyridine acts as a reaction accelerator. Cellulose exists as 
cellulose trichlorate in the mixture. When the pretreatment period of cellulose with dimethyl
formamide (DMF) is short, the cellulose dissolves into the system without swelling. But when the 
pretreatment period is relatively long, the cellulose swells considerably and then dissolves. Cellulose 
monochlorate was recovered by casting from the solution but cellulose trichlorate could not be 
isolated, probably because of the considerable tendency of the polymer to hydrolyze, especially 
when the solution is acidic. Cellulose having the crystal form II was regenerated by addition of 
water to the solution. 
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Cellulose, which differs from row fossil material, 
is synthesized in cellular tissue from C02 and H20 
by the aid of solar energy and is then reproducible. 
Moreover, the cost of production is not so expensive 
as the starting polymeric material if the high
stereoregular configuration and complicated chemi
cal structure are taken into consideration. Cellulose 
has so far been utilized especially in fiber and paper 
industries, which may not be regarded as making the 
most use of this material. The recent energy 
situation undoubtedly gives importance to the need 
for greater possible utilization of cellulose materials. 
Thus, the dissolution of cellulose in organic media 
may open the new way for the chemical modifi
cation of cellulose, graft-polymerization onto cel
lulose, new cellulose fiber process and so forth. In 
this connection, the authors1 have published at
tempts to dissolve cellulose in organic media. For 
example, aliphatic amine oxide (1939), organic 
solvents in liquid N20 4 (1947), chloral-pyridine 
(1950), polyphenols-pyridine (1950), anhydrous 
trifluoroacetic acid (1952), bis(IJ(,/3-dihydroxy
propyl) disulfide (1965), S02-amines (1966), N 20c 

DMSO (1966), NOCl-DMF (1966), N
ethylpyridium chloride (1969), DMSO-CS2-amines 
(1969), N-methylmorphorine N-oxide (1968), 
methylamine-DMSO (1971), paraformaldehyde
DMSO (1975), hydradine (1976), and N 20 4 (or 
chloral, S02-amines) dissolved in many organic 
solvents (1968-1972) have been reported suitable 
as cellulose solvents. It should be noted that in most 
solvents, cellulose dissolves in the form of cellulose 
derivatives or complexes and is not moleculary 
dispersed as cellulose itself. 

Of these solvents, chloral-pyridine system was the 
first discovered by Meyer2 and later this system was 
extended to include the chloral-solvents by Nakao 
et a/. 3 Clermont et a/.4 have pointed out that the 
addition of a small amount of pyridine to the DMF
chloral system facilitates the dissolution of cellulose 
and employed the system as a homogeneous 
acetylation media for cellulose. Recently, a similar 
attempt was also made by Ishizu et a/. 5 to obtain 
chlorinated cellulose by using the D-C-P system as 
a chemical modification media for cellulose. 
However, none of these authors have clarified the 
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dissolving mechanism of cellulose in the solvents of 
the chloral system. 

This paper intends to elucidate the dissolution 
process and the dissolved state of cellulose in the D
C-P system by using optical microscopy, 1H NMR, 
polarimetry, IR spectroscopy, X-ray diffraction 
technique, and viscometry. 

EXPERIMENTAL 

Materials and Reagents 
The cellulose samples employed are given m 

Table I with the data for their crystal form, a

cellulose content, and viscosity-average molecular 
weight, Mv. When necessary, cellulose samples were 
scissored into a fine form. Prior to use, the samples 
were vacuum-dried at 70°C for 8 h. In order to 
examine the effect of the crystal form on the 
dissolution of cellulose in the D-C-P system, 
marcerized cellulose samples were prepared by 
rayon-grade pulp and cuprammonium rayon (code 
2 and 4 in Table I, respectively) as follows. One part 
of the cellulose was treated with 100 parts of 
aqueous sodium hydroxide solution of different 
concentrations ranging from 8 to 20 wt% at 25°C for 
40 h. Following this treatment, the alkali cellulose 
samples were regenerated with water at 28°C or 
95°C, respectively. The regenerated samples were 
designated as 6-2-1 6-2-4 and 6-4-1, according to 
the starting cellulose samples used and marceri-

zation and regeneration conditions. 
We used an acid-hydrolyzed cellulose having 

M w = 2. 7 x 104 which was prepared with 2N sulfuric 
acid at 60°C for 5 h from rayon-grade pulp, so as to 
avoid any heterogeniety of the applied magnetic 
field in NMR study that would be induced by a 
highly viscous solution. 

o-Glucose (C6 H 120 6 ) and levulose (C6 H120 6 ) 

were reagent-grade chemicals (Kishida Chern. Co. 
Ltd.) and were used as received. Reagent-grade 
chloral was distilled and used after addition of 
hydroquinone (0.05 wt%) as a polymerization in
hibitor. Technical-grade DMF was purified by 
distillation with pottasium hydroxide under reduced 
pressure and stored over anhydrous sodium sulfate 
until immediately before use. Other solvents were 
purified by conventional methods. 

Dimethylformamide-d7 , pyridine-d5 , and deu
terium dioxide were used without further puri
fication. 

Dissolving Test 
In order to choose appropriate solvents having 

considerable dissolving power toward cellulose 
when mixed with chloral, 15 kinds of solvents were 
tested, (see, Table II) in the following manner: the 
cellulose sample was first dispersed mechanically in 
a given solvent to give a solution of 3.2 g dl- 1 and 
thereafter a definite amount of chloral 
(!Omolfglycoside unit) was added to this mixture. 

Table I. Cellulose samples used in this paper 

Sample code Description of samplesc 

2 
3 

4 

5 

a N denotes "natural". 

N," cellulose I, high ex wood pulp (ex-cell. content 95.4%, manufactured by Rayonier Co. Ltd., 
Mw= 19.3 X 104) 

n; cellulose I, Alaska pulp for rayon (ex-cell. content 90.5%, Mw= 11.3 x 104 ) 

N, a cellulose I, microcrystalline cellulose (trade name; A vice!!, ex-cell. content more than 85%, 
manufactured by Asahi Chemical Ind. Co. Ltd., Mw=4x 104 ) 

R,b cellulose II, cuprammonium rayon (trade name; Bemberg, manufactured by Asahi 
Chemical Ind. Co. Ltd., Mw=6 x 104 ) 

R,h cellulose II, viscose rayon (manufactured by Asahi Chemical Ind. Co. Ltd., 
Mw=4.8 X 104) 

R,h from marcerized cellulosed (see Table III) 

h R denotes "regenerated." 
c Weight-average molecular weight calculated from the equation [IJ]=3.85 x 10- 2 M';;76 . 

d Mercelization procedure is described in the paper, and original celluloses were chosen from samples (Code 2 and 4 in 
this table). 
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Table II. Solubility behavior of cellulose in binary chloral containing mixture 

Properties 
Solubility" 

Solvent' 
EN" 

TEA 223 
HMPA 
Pyridine 170 
DMSO 146 
DMAc 118 
DMF 116 
THF 90 
Dioxane 
Ethyl ether 
Acetone 70 
y-Butylolactone 66 
Acetonitrile 48 
Ethyl acetate 38 
Nitromethane 0 
Chloroform 
Dichloromethane 

a Electronegativity (Llv em_,) 14 

b Dielectric constant (s)Y 
' Swelling power to cellulose16 

DCb 

2.42 
34.0 
12.3 
46.6 
37.8 
36.7 

7.39 

37.6 
6.02 

38.6 
4.72 
9.1 

SP' 

Less than 30 

Less than 65 
106 

62 
Less than 20 
Less than 30 

Less than 15 
23 

Less than 15 
18 

of cellulose 

X 

X 

!:::,. 

0 
0 
0 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

d 0. Dissolve cellulose; !:::,., Partially dissolve cellulose; x, Not dissolve cellulose. 
' TEA, triethylamine; HMPA, hexamethylphosforamide; DMSO, dimethyl sulfoxide; DMAc; dimethylacetamide; 

DMF, dimethylformamide; THF, tetrahydrofuran. 

The mixture of cellulose-solvent-chloral was in
termittedly shaken at room temperature and was 
observed to see if cellulose dissolved to give a 
transparent solution, at least phenomelogically. 
When the cellulose sample showed no significant 
dissolution an additional amount of chloral (up to 
30 mol/glycoside unit) was added at a higher 
temperature to 70°C). Also, various amines, 
including pyridine, triethylamine, and other ali
phatic amines, were added to the chloral-solvent 
mixture containing cellulose (3.2 g dl- 1) and the 
effect of amines as accelerator on the dissolution of 
cellulose were observed and evaluated. 

Optical Microscopic Observation for Dissolving 
Process of Cellulose into D-C-P System 
The dissolving process of cellulose into the D-C-P 

(3.7/1/1.2, mol/mol/mol) system was observed 
under a polarized microscope (Nippon Kogaku Co. 
Ltd.) and photographed at given time intervals. For 
this purpose, natural cellulose was dipped into a 
given amount ofDMF for different periods of times, 
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ranging from 3-60 min. Chloral was then added to 
the cellulose-DMF mixture and, 3 min later, py
ridine was also added. 5 min following the prepara
tion of the cellulose-D-C-P mixture, a small 
amount of the mixture was placed on a slide glass, 
and shielded with a cover glass. The time necessary 
for the complete dissolution of cellulose in D-C-P 
between two glass plates without mechanical agit
ation was 30-80 min, which is much longer than 
that in the case of vigorous stirring (5-20 min). 
Regenerated cellulose samples such as viscose and 
cuprammonium rayons were also employed for 
microscopic observation of dissolution in the D-C
p system. 

Preparation of the Cellulose Chlorate Film and the 
Regenerated Cellulose 
High a-content Rayonier pulp was dissolved in 

D-C-P (2.5/1/1.2, mol/mol/mol) at a concentration 
of 2 wt% and the solution, thus prepared was cast 
onto a glass plate, which was then immediately 
placed in a desicator with drying agent. By passing 
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dry nitrogen through the desicator and evaporating 
solvents, a film was formed. This film was vacuum
dried at 30°C for 12 h, followed by washing with car
bon tetrachloride, and subjected to the elemental 
analysis of chlorine and IR spectroscopic analysis 
(see Section Miscellaneous). White cellulose powder 
was regenerated by pouring the DMF-diluted 
cellulose solution of the D-C-P system into water 
under stirring, washed with water, dried in air and 
finally vacuum-dried at 70aC for 8 h. The sample 
was also subjected to chlorine analysis, viscometry 
(in cadoxene at 25°C), wide-angle X-ray diffraction, 
and IR spectroscopic analysis. 

Polarimetry 
The hemiacetal reaction between chloral and 

levulose as a model compound of cellulose in DMF 
with or without pyridine was studied by polarim
etry. For this purpose, the angle of optical rotation 
of the solution, in which levulose was dissolved in 
DMF at a concentration of 50mgdl-I, was 
recorded as a function of reaction time with a DIP 
181-type polarimeter (JASCO). Levulose was cho
sen for it's complete dissolution in DMF, giving a 
constant [I)(] value ([IJ(m9 =- 20.5°). When pyridine 
was used as the catalyst DMF-pyridine was fixed at 
a ratio of 10/1 (moljmol). In preliminary experi
ments, hydroquinone contained. in chloral, and the 
solvents used showed no optical rotation. 

NMR Spectroscopy 
Spectra were recorded on a NMR spectrometer 

model PMX 60 (JEOL). The polymerization ability 
of chloral in solvents or in solvent mixtures was 
examined by analyzing the intensity of CHand OH 
proton signals. The reactivity of methanol and o
glucose as cellulose model compounds towards 
chloral was also examined in D-C-P (5/1/1.2, 
mol/mol/mol). The NMR spectrum of cellulose in 
D-C-P (2.5/1/1.2, mol/mol/mol) was also recorded. 
In preparing sample solutions, cellulose and cel
lulose model compounds were first dispersed in 
DMF-d7 , followed by the addition of chloral and 
pyridine-d5 . The concentrations of o-glucose and 
cellulose were 11.25 and 0.45 wt%, respectively. 

Electroconductivity 
The specific electroconductivities k (Q- 1 em - 1) of 

binary solvent mixtures (D-C or C-P) were mea
sured by a conventional method, using a platinium 
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black electrode, followed by the dropwise addition 
of chloral into each 30 ml of solvent (D or P) 3 min 
later. The k values for purified DMF and pyridine 
were w-s and 10- 7 (Q- 1 cm- 1), respectively. 

Molecular Weight of Cellulose 
The viscosity-average molecular weights of the 

original cellulose, acid-hydrolyzed cellulose, and the 
regenerated cellulose from the D-C-P system were 
each determined from the limiting viscosity number 
['7] in cadoxene at 25°C, using the following 
equation, X w-z AfJ.,; 76 where Mw is the 
weight-average molecular weight. 

Miscelleneous 
The chlorine content of the cellulose derivative 

film and the water-regenerated cellulose powder 
were determined by the micro-combution method 
proposed by White. 7 

IR spectra were recorded on a modified IR-430-
type spectrophotometer (Shimadzu Co. Ltd.). 
Powder samples were measured by KBr disk 
method, liquid samples by solvent-compensation 
method. The repeat scanning method was applied to 
the kinetic study of the dichloroketene formation 
(HCl elimination reaction) from chloral molecule in 
DMF or pyridine, using a liquid cell (thickness, 
0.025mm). 

X-ray diffraction patterns for the product from 
the mixture ofC-P (1/1, mol/mol), polychloral, and 
the water-regenerated cellulose were recorded on a 
Rotar Flex RU-200PL (Rigaku Denki Co. Ltd.). In 
the case of a paste-like sample the symmetrical 
reflection technique was applied, by sandwiching it 
between aluminum foil; in other case, the symmetri
cal transmission technique was applied. 

RESULTS AND DISCUSSION 

Screening of the Effective Solvent 
In Table II, the solubility behavior of cellulose in 

binary mixtures containing chloral is summarized 
along with some of the physical properties of these 
solvents. Sulfoxides and amides such as dimethyl 
sulfoxide (DMSO), DMF, dimethylacetamide 
(DMAc) are obviously the only effective solvents for 
dissolving cellulose, when mixed with chloral. 
Nakao et al. 3 were the first to discover the dissolving 
power of these solvents-chloral systems. These 
binary mixtures require more than 30 h to com-
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pletely dissolve cellulose at room temperature. The 
co-existence of amines in these binary mixtures 
conspicuously shortens the dissolving time. We 
observed that under optimized conditions, cellulose 
can be dissolved within a few minutes in sulfoxide 
(or amide)-chloral-amine systems. Solvents effec
tive for dissolving cellulose, when mixed with 
chloral and amines, are strictly limited to sulfoxides 
and amides as in the case of binary mixtures. 
Polymerized chloral and other aldehydes (except for 
formaldehyde) were, in contrast to chloral, found to 
have no ability for dissolving cellulose. 

All the effective solvents screened here have large 
electro-negativity (EN) and large dielectric constant 
(e), and accordingly exhibit a strong swelling power 
toward cellulose. Moreover, these solvents are 
characterized by the electron conjugation system on 
the molecular level, since they are proton-donners 
having oxygen atoms as active centers, resulting in 
large dipole moments (DMSO; 4.3D; DMF, 3.82D; 
DMAc, 3.79D). 

Amines, which cannot dissolve cellulose, when 
mixed with chloral, were found to strongly acce
lerate the cellulose dissolution when mixed with 
sulfoxide (or amide)-chloral yielding ternary mix
tures. Pyridine4 and triethylamine apply to this 
case and are characterized by high EN and low e. A 
lone pair electron on a nitrogen atom of an amine 
may activate the carbonyl group of chloral, suggest
ing the possibility of a reaction between chloral and 

cellulose during the dissolving process. 
Table III gives the solubility behavior of cellulose 

samples of different crystal form in D-C-P 
(3.7/1/1.2, mol/mol/mol) at 25°C. As far as the 
experimental conditions are concerned, only natural 
cellulose (crystal form I) can be dissolved in the 
system. The reasons for this phenomenon are not 
fully clear at the present, but the layered structure 
and fibrillate character of natural cellulose may play 
an important role in it's dissolution in the D-C-P 
system. 

The Optical Microscopic Observation for the 
Dissolving Process of Cellulose in the D-C-P 
System 
Figure I shows polarized microscopic photo

graphs for cellulose in D-C-P (3.7/1/1.2, 
mol/mol/mol). Photographs of the A series denote 
the case in which the period of dipping of cellulose 
in DMF was 8 min, in the B· series, the time was 
20 min. The number under each photograph in
dicates the time elapsed (in min), measured from the 
instant the pyridine was added to the mixture of 
cellulose-D-e. The dissolving process of cellulose 
in the D-C-P system depends considerably on the 
dipping period in D MF: When the dipping time was 
short (8 min), dark narrow bands appeared with a 
period of 50-I 00 J-Im, perpendicular to fiber axis of 
the fibril. This fibril was bright under polarized 
microscope, and decomposed into small particles 

Table III. Influence of cellulose crystal form on the solubility in D-C-P system 

Sample code Treatment 

None 
2 None 
3 None 
4 None 
5 None 
6-2-1" 8% NaOH, water at 28°C 
6-2-2• 14% NaOH, water at 95°C 
6-2-3• 20% NaOH, water at 28°C 
6-2-4• 20% NaOH, water at 95°C 
6-4-]b 20% NaOH, water at 28°C 

• Cellulose (code 2) was mercelized. 
b Cellulose (code 4) was mercelized. 

Nor Rc 

N 
N 
N 
R 
R 
R 
R 
R 
R 
R 

c N and R denote "natural" and "regenerated," respectively. 
d O, completely dissolved; 6,, partially dissolved; x, not dissolved. 
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Crystal 
form 

II 
II 

I and II 
II 
II 
II 

Solubilityd 

0 
0 
0 
X 

X 

0 
6. 
X 

X 

X 
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A B 

7 6 

9 10 

12 13 

20 20 

Figure 1. The polarized microscopic photographs of the cellulose dissolving process in D-C-P system: A, 
the case where the pre-dipping interval of cellulose in DMF is 8 min; B, the case this period is 20 min. The 
number under each photograph indicates elapsed time (in min) measured from the instant pyridine was 
added to the mixture of cellulose-D-C. 

which finally dissolved in the solvent mixture. From 
these observations, we may consider that wood pulp 
has a periodicity from 50 to 100 !Jill, and to which 
the solvent is much more accessible. This periodicity 

corresponds well to the helix period of the fibril,8 

although this helical structure can not be observed 
directly. On the other hand, when the dipping time 
is relatively long (20 min), the entire cellulose fiber 
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swells immediately following the addition of py
ridine, and the helical structure can be seen 
particularly well in the center part of fiber along the 
fiber axis. Similar phenomena have been observed 
for greartly swollen cellulose when phosphoric acid, 
cuprammonium solution,9 and cadoxene10 were 
used. The regenerated cellulose including viscose 
and cuprammonium rayons neither swell nor 
dissolve in the D-C-P system. 

The big differences in the dissolving processes 
(series A and B) of cellulose in the D-C-P system 
may be due to the respective difference in the degree 
of penetration of D MF into the inner part of fibril. 
In the latter case, DMF, which penetrated into the 
fibril may facilitate the penetration of a mixture of 
C-P, causing swelling and some sort of chemical 
reaction with cellulose. In contrast to this, in the 
former case, D-C-P mixture may react with 
accessible parts of cellulose and dissolve it as shown 
in Figure lA. Without pyridine, cellulose does not 
swell remarkably, and does not dissolve since stirring 
is not possible when carrying out microscopic 
observation. Thus, we may conclude that pyridine 
acts as an accelerator for the reaction between 
cellulose and chloral or . as a carrier for chloral 
probably through the formation of a complex. 

Interaction between Solvent Components 
Figure (2a) shows a phase-diagram of the ternary 

mixture, (not including cellulose), by weight fraction 
at 20°C. In the figure, the solution in region I is 
homogeneous and in region II, the mixture of the 
components produces a white viscous product at 
20°C, but can be made into a homogeneous solution 
by heating. In region III, chloral precipitates as a 
white powder through polymerization. This white 
powder was identified as polychloral by IR. 

Figure (2b) shows a phase-diagram of the 
cellulose-D-C-P system. The multi-dotted region is 
the area in which the cellulose dissolves 'rather 
rapidly. This phase-diagram was made in the 
following manner. A dried cellulose sample was first 
treated with a given amount of DMF for 3-5min 
and then a given amount of chloral followed by 
pyridine was added, (final cellulose concentration, 
3 wt%). The dissolving process of cellulose could be 
observed with naked eye. The numbers on the full 
straight lines in the diagram denote the molar ratio 
of the corresponding two components. The solvent
mixture capable of dissolving cellulose exsisted, of 
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(a) 0 100 

20 80 

(l)i'"'"''l ,, 
(II) 

20 40 60 80 
Chloral 

100 

Figure 2(a). Phase diagram of the ternary mixture of 
D-C-P by weight fraction at 20oc: I, the region where 
the homogeneous solution is made; II, the region where 
homogeneous solution can be made by heating; III, the 
region where chloral precipitates as a white powder. 
Figure 2(b). Phase diagram of the cellulose-'-0-C-P 
mixture. The numbers on the straight lines denote the 
molar ratio between the corresponding two components. 
The multi-dotted area denotes the region in which 
cellulose dissolves rather rapidly. 

course, in region I in Figure 2(a). 
An NMR study confirmed that in those solvent

mixtures having compositions corresponding to 
positions A, B, C, and D in Figure 2(b ), chloral was 
neither converted into it's hydrate,.dimer nor into 
the polymer. At G and L positions in Figure 2(b) 
(D/C=2.5/1 and 5/1, mol/mol, respectively), the 
chloral hydrate and it's oligomer were found to be 
produced. The NMR spectrum for the G mixture is 
shown in Figure 3. The aldehyde proton singlet for 
chloral was found at 9.44 ppm. In an amplified 
spectrum of the region 5.20-6.00 ppm, signals for 
the CH proton of chloraJ hydrate, its dimer, and 
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uo 

T 
...-) 

10 4 3 2 

Figure 3. NMR spectrum of the mixture of DMF and 
chloral (D/C=2.5/l, mol/mol) at the point Gin Figure 
2(b). 

trimer were detected at 5.72 (triplet), 5.45 (doublet), 
and 5.20 (singlet) ppm, respectively for the G 
mixture. Analysis of the NMR peak intensity 
indicated that the convertion of chloral into these 
compounds in the G mixture is less than 5% and can 
be ignored. A conspicuous broad signal around 
10 ppm on the NMR spectrum (Figure 3) is 
attributable to the HCl proton. Other experimental 
evidence of HCl formation in the system is 
illustrated in Figure 4, where change in the specific 
electro-conductivity of the system is plotted as a 
function of the amount of chloral added to the 
DMF or pyridine. An increase in the specific 
electroconductivity with the stepwise addition of 
chloral suggests the formation of new ionic species 
in the system. Thus, the system has the potential 
ability to produce HCl and dichloroketene by the 
decomposition of chloral as shown in eq 1. 

The conversion of chloral into HCl (or dichloro
ketene) was estimated from the peak intensity 
concerned in Figure 3 to be 12% of the chloral 
initially charged. The detailed kinetics of this 
reaction will be discussed later. 

Figure 5 shows a comparison of the X-ray 
diffraction pattern for the viscous white product (a) 
produced in the F mixture (C/P= 1/1, mol/mol), the 
polychloral (b) produced in the 0 mixture 
(C/P= 10/1, mol/mol) in Figure 2(b) and pure 
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Chloral conll!nl(wt.,.) 

Figure 4. Change in the specific electroconductivity, k, 
of the binary mixture of chloral and DMF (0) or 
pyridine (6) as a function of chloral content. 

polychloral (c).U The last two of these products 
were identified to be the same from stand point of 
IR. The difference in X-ray diffraction patterns 
between (b) and (c) seems to result from the different 
preparation conditions. The X-ray diffraction pat
tern of the white viscous product (a) exhibits very 
different patterns from those in (b) and (c), 
showing new peaks at 28=24° and 28°, and a 
difused peak at 28= 10°. Other peaks are almost 
same as those in (b) and (c), suggesting that the 
product (a) is crystalographically different from (b) 
and (c), but is almost polychloral, containing a 
considerable amount of pyridine. The composition 
of the product (a) from the F mixture (C/P= 1/1, 
mol/mol) was found to be exactly C/P= 1/1 
(mol/mol) by NMR analysis. Moreover, NMR 
analysis for the upper liquid layer of the the mixture 
(C/P= 1/2, mol/mol), in which the white viscous 
product was also produced, confirmed again that 
the composition of the white viscous product was 
C/P= 1/1 (mol/mol). Thus, it may be concluded that 
pyridine has a strong affinity toward polychloral, 
resulting in equimolar viscous products capable of 
being converted into a homogeneous liquid owing 
to the decomposition of polychloral11 by heating. 
Thus, we can anticipate equimolar complexes (I) of 
chloral and pyridine as intermediates for the white 
viscous product (II), as illustrated in eq 2. The 
coordination of a lone pair electrons of a nitrogen 
atom of pyridine with the carbonyl carbon of 
chloral in complex (I), can be explained by the shift 
of carbonyl absorption band of chloral towards 
lower wave number (1768 em - 1 to 1760 em - 1) in IR 
spectrum when chloral is mixed with pyridine. 
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I c' ' 
c Cl3 ON 
Ci 1 "' 

3 .& n 

(2) 

(I) (II) 

As a result, the existence of pyridine accelerates the 
hemiacetal-type reaction of chloral with ROH, 
probably through the formation of complex (I), as 
shown in eq 3, 

H 
I 

R- OH -----+ CI3C- - OH 

OR 

(3) 

It should be noted that under optimized conditions 
for the dissolving of cellulose in D-C-P system, the 
molar ratio of C-P is also nearly unity. In this 
respect, DMF acts as solvent for the equimolar 
viscous product of C-P. Based on the comments 
above, we may consider two different chemical 
reactions in the dissolution process of cellulose into 
the D-C-P system. One is the hemiacetal-type 
reaction (eq 3), and the other is the dichloroacet
ylation of cellulose (eq 4) since the system has been 
proved to produce HCl and dichloroketene. 

c1'--- ( ) + ROH -----+ Cl _______ T_1 = 0 4 

H OR 

Next, we will determine which is the main route in 
the dissolution process of cellulose in the D-C-P 
system. 

Reaction between Cellulose and Chloral 
Figure 6(a) and (b) show the NMR spectra of the 

mixture of methanol (as a model compound of 
cellulose)-D-C-P and the D-C-P (3.7/1/1.2, 
moljmoljmol) mixture, respectively. In the case of 
the first spectrum, methanol was added to the D-P 
mixture, followed by the addition of chloral. Three 
new single peaks appeared at 3.35, 3.54, and 4.98 
ppm on the spectrum for the methanol-D-C-P 
system, but not for the D-C-P system. The peak at 
3.35 ppm is assigned to methyl single peak for 
unreacted methanol. The intensity ratio of the peaks 
at 3.54 ppm and 4.98 ppm is 3, indicating the 
formation of compound (III) in eq 5. 
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H 
I 

Cl C-C- OH (III) (5) 
3 I 

OCH3 

The peaks at 3.54 and 4.98 ppm are, respectively, 
attributable to methyl and methine protons for 
compound (III). The corresponding OH signal for 

> ;1;11',·· .... j I I 
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Figure 5. X-ray diffraction patterns of the white 
viscous product, produced from the mixture (C/P= 1/1, 
mol/mol) at point Fin Figure 2(b) (full line), polychlora1, 
produced from the mixture (C/P= 10/1, mol/mol) at 
point N in Figure 2(b) (dotted line) and pure polychloral, 
prepared by the ordinary method (broken line). 

(a) 
.. 

t----------' 

(b) 

---' 

10 
PPM 

Figure 6. 1 H NMR spectra of mixtures methanol-
0-C-P (1.5/3.7/1/1.2, mol/mol/mol/mol) (a), and 
D-C-P (3.7/1/1.2, mol/mol/mol) (b). 
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compound (III) was detected, by deuteration, at 
8.38 ppm. The HCI peak was not visible on either 
spectra (Figure 6(a) and (b)). Accordingly, the 
hemiacetal-type reaction as shown in eq 5 occurs 
predominantly. 

Figure 7(a) and (b) show the NMR spectra foro
glucose in the D-P (3.7/1, moljmol) and the D-C-P 
(4/1.45/1, moljmoljmol), respectively. In the latter 
figure, the amount of chloral added was slightly in 
excess of an equimolar amount of OH from o
glucose. The solubility of o-glucose in the D-P 
mixture was extremely low, but o-glucose dissolved 
quickly in the D-C-P mixture, containing an 
excessive chloral, being more than an equimolar 
amount of OH from o-glucose. The former spec
trum resembles very much that in D20,12 indicating 
that the peaks at 4.60 and 5.20 ppm are attributable 
to anomeric CH protons at the C-1 position (a and f3 
anomer, respectively) and the peaks at the region 
3.0-4.1 ppm attributable to the remaining CH and 
CH2 protons on the glycoside ring. OH signals may 
perhaps be included in the region 4.0-5.8 ppm. 
When o-glucose is dissolved in D-C-P system, the 
NMR spectrum (Figure 7(b)) becomes complicated. 
CH and CH2 proton signals can be seen as two 
envelopes in the region 3.0-5.2 ppm; this region is 
the same as that for the signals ofo-gluc9se in D-C. 
Signals in the region 5.25-6.4 ppm are attributable 
to the CH protons, attached to o-glucose for the 
chlorate residue. This is because of the high 

(a) 

PPM 

Figure 7. 1H NMR spectra D-glucose in D-P (3.7/1, 
mol/mol) (a) and D-glucose in D-C-P (4/1.45/1, 
mol/mol/mol) (b). 
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deshielding effect of chlorine atoms resulting the 
shift of CH proton signals to a lower field. In Figure 
7(b), the ratio of the area under the envelopes 
between 3.0-5.20 ppm and 5.25-6.4 ppm is 
estimated to be about 1.4. This value is in good 
agreement with the theoretical value (1.40), calcu
lated by assuming that(!) all the OH on o-glucose 
react with to produce o-glucose penta
chlorate and (2) the peaks at 3.0-5.2 ppm are due 
to CH and CH2 proton signals on the glycoside ring 
and the peaks at 5.25-6.4 ppm are due to CH 
proton signals of the chlorate residue, reacted with 
o-glucose. The corresponding OH signals for the 
chlorate residue can be seen at 7.8-8.0 ppm 
displaying various activities. The OH region has 
already been deternined by NMR analysis for the 
reaction of methanol and chloral. The spectra in the 
region 7.8-8.0 ppm become complicated with the 
co-existence of the y-proton signal of pyridine (7.8 
ppm) and the formyl proton signal of DMF (8.08 
ppm). The aldehyde proton signal for unreacted 
chloral was detected at 9.52 ppm. The ratio of the 
peak area at 9.52 to that at 7.8-8.0 ppm provides a 
rough estimation of the amount of chloral, reacted 
with o-glucose. That is, by this analysis, it becomes 
clear that 5 moles of chloral react with I mol of o
glucose. In other words, all the OH of o-glucose 
reacted with chloral. The ratio of area under peaks 
due to OH signal (7.8-8.0 ppm) to that due to CH 
signal (3.5-6.4 ppm) was found to be 2.33, which is 
very near to the theoretical value (2.40), calculated 
for o-glucose pentachlorate. In summery, a 
hemiacetal-type reaction occurs predominantly 
when ROH exists in the system. 

Thus, we have attempted to confirm the pre
dominancy of the hemiacetal reaction in a much 
more general manner, using cellulose instead of o
glucose. Figure 8 shows the NMR spectrum for 
cellulose in D-C-P (2.5/1/1.2, moljmoljmol) sys
tem. The whole spectrum is very similar to that of o
glucose in D-C-P system. The CH and CH2 proton 
signals on the glycoside ring are significantly visible 

in the region 3.2-5.0 ppm. This region is located 
in a considerably lowe·r field than that for low
molecular-weight cellulose-DMSO system (3.2-4.0 
ppm), 13 indicating that, in the former system, 
certain chemical reactions occur significantly. CH 
signals observed at 5.0-6.0 ppm are attributable to 
the CH of the chlorate residue, attached to glycoside 
residue, as a result of the hemiacetal reaction 
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CHLORAL 
9.52 

OH(o-.o.napp.c!) 

Figure 8. 1H NMR spectrum of cellulose in D-C-P 
(2.5/1/1.2, mol/mol/mol). 

between cellulose and chloral. This region may 
include signals for the CH protons at C3 (about 5.4 
ppm) and C4 (about 5.0 ppm)14 on the glycoside 
ring, as a result of etherification or esterification of 
the glycoside ring. Furthermore, the CH proton of 
the chloral hydrate or its dimmer, derived from the 
reaction between chloral and absorbed water, may 
contribute to the formation of the region 5.0-6.0 
ppm, although but very slightly. OH signals were 
observed in the region 8.0-9.1 ppm as overlapped 
multiplets, meaning that OH. groups at various C 
positions on the cellulose react with chloral to give 
cellulose di- or tri-chlorate. In the region 8.0-9.1 
ppm, there are a formyl proton signal (8.08 ppm) for 
DMF, y-H proton signal (8. 78 ppm) for pyridine 
and a HCl proton signal (centered at 9.00 ppm), and 
an OH proton signal derived from chloral hydrate or 
its dimer (this is a very small factor). Assuming that 
the OH region for cellulose chlorate is 8.08-8.70 
ppm and calculating the peak area ratio of total OH 
(8.08-8.70 ppm) to total CH (3.5-6.5 ppm) we 
obtain experimentally 0.36, which agree roughly 
with the theoretical value of 0.33, calculated for 
cellulose trichlorate. Furthermore, the peak area 
ratio of the CH and CH2 region (3.5-5.4 ppm) on 
the glycoside ring to the CH region (5.5-6.0 ppm) 
for the chlorate residue was found to be 0.92. This 
value is also near the theoretical value (1.00) for 
cellulose trichlorate. The aldehyde proton coming 
from the remaining chloral is evident at 9.52 ppm. 
Although the HCl proton signal is visible in the 
spectrum, we could find no peak for dichloroacet
ylated cellulose, which must have appeared as a 
singlet around 7 ppm, just as the proton signal for 
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the chloroform. Thus, we may conclude that cellulose 
is dissolved in the system in the form of cellulose 
trichlorate as a result of the hemiacetal reaction of 
cellulose with chloral and that there is the possibility 
that the formation of dichloroacetyl cellulose in the 
D-C-P system is not allowed. 

Additional evidence supporting these conclusions 
can be obtained from kinetic studies of two 
reactions using IR spectroscopy and polarimetry, 
the hemiacetal reaction and HCl elimination 
reaction (dichloroketene formation). Figure 9 shows 
a plot of -log (log I0 /I) vs. time for D-C or C-P 
binary system, where I denotes the transmitted 
light intensity of the carbonyl absorption band 
(1760 em - 1) at T= t, and I, that of the base line of 
this absorption band, and M. L. K. J in the figure 
are mixtures whose compositions correspond to 
those in Figure 2(b). In these mixtures, a decrease in 
carbonyl absorption at 1760 em - 1 of chloral can be 
reasonably assumed, owing to dichloroketene for
mation, since polymerization of chloral and the 
reaction with water may be completely ignored, as 
was proved in section Interaction between Solvent 
Components. The linearity of the plots proves first
order reaction kinetics. The rate constant of the 
dichloroketene formation, estimated from the slope 
of the plot, is much higher in DMF than in pyridine. 
This agrees well with experimental results obtained 
in the electroconductivity study. The rate constant 
k1 was found to be 3.9 X 10-4 (s- 1) for 
M(D/C=5/1, mol/mol). 

Figure 10 shows a plot of the angle of optical 
rotation of the levulose-D-e system as a function 
of time. Curves 1-6 were obtained for various 
molar ratios of chloral-OR contained in the 

Figure 9. Plot of -log (log/0 //) vs. time: O, C/P= 1/3 
(mol/mol); D. CfP= 1/4 (mol/mol); !:::,., D/C= 1/3 
(moljmol); 0, D/C= 1/5 (mol/mol). 
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Figure 10. Plot of the angle of optical rotation of the 
levulose-0-C system: I, levulosejchloral= ljl (mol/ 
mol); 2, levulosejchloral = 1/2 (mol/mol); 3, levulose/ 
chloral= 1/3 (moljmol); 4, levulose/chloral= 1/4 
(mol/mol); 5, levulosejchloral= 1/5 (moljmol); 6, 
levulose/chloral= l/7 (moljmol); 7, levulose/chloral= 
1/5 (mol/mol) with pyridine. 

levulose, where the molar ratio of OH-DMF was 
kept constant. Curve 7 represents the equimolar 
chloral-OH system, to which pyridine was added. It 
is obvious from the figure that all OH in the levulose 
reacts with chloral, since curves 5, 6, and 7 give the 
same saturated values for the angle of rotation. 
Owing to the presence of pyridine, the reaction is 
accelerated very much without change in the 
saturated value (cf curve 5). The rate constant of 
the reaction for curve 7 can be calculated in the 
following manner on the basis of second-order 
reaction rate equations, 

532 

p 
Cl3C-C + ROH ------> 

\H 

(a-x) (a-x) 

H 
I 

Cl C-C-OH 
3 I 

OR 
(x) 

x e,-80 

X 
k2t=--

a(a-x) 

(6) 

(7) 

(8) 

where a is the initial concentration (0.139 mol dl- 1 ), 

x, the amount of chlorate produced at given re
action time (t), 80 , angle of rotation at t=O, e,, the 
angle of rotation at t= t, eoo, the angle of rotation at 
an infinite reaction stage, and k2 , the second-order 
reaction rate constant. In fact, the plot according to 
eq 8 gave a reasonably straight line and we obtained 
a k2 value of 4.44 x 10 -t dl mol- 1 . Cellulose can be 
dissolved within 10 minutes at room temperature in 
the D-C-P system provided optimized solvents are 
used, and this is about half of the time required for 
terminating the reaction for levulose. Assuming that 
the k 2 value, obtained for the levulose-D-C-P 
system, also holds in the case of cellulose, we may 
compare the reaction rates (dx/dt)1 (eq9) and 
(dxjdt)z (eq 10) for the dichloroketene formation 
and the hemiacetal reaction, respectively, 

(dx/dt)1 =k1(a-x) 

(dxjdt)2 =k2(a-x) 2 

(9) 

(10) 

where a is the initial concentration of chloral and 
cellulose, expressed as mol dl- 1 . By putting 
kt=3.9x 10-4 and kz=4.44x 10-t, and dividing 
eq 10 by eq 9, eq 11 is obtained. 

(dxjdt)z!(dxjdt) 1 = 1.12 x W(a-x) (11) 

Since the dichloroketene formation and the hemi
acetal reaction are probably competitive, if 
(dx/dt)2 /(dxjdt)1 >1, that is (a-x)>0.9x10- 3 , 

then the hemiacetal reaction will preferably take 
place. Under optimized conditions, the concen
tration of chloral is about 0.2 mol dl- 1 for the D-C
p mixture (3.7/1/1.2, mol/mol/mol) and that of 
cellulose is 0.06 mol dl- 1 , when dissolved at the 
concentration of 10 g dl- 1 . Therefore, x in eq 11 is in 
reality at most 0.06 mol dl- 1 , although eq 11 is 
derived by assuming an o:quimolar reaction between 
chloral and cellulose. Thus, the equation 
(a-X) >0.9 X 10- 3 always holds, suggesting a pre
ference for the hemiacetal reaction. Comparison of 
the so-called time conversion curves for the two 
reactions mentioned above also supports the con
clusions obtained here. The experimental results in 
the NMR study agree well with the above dis
cussion. It should be noted however that when all 
cellulose molecules in the system are converted into 
cellulose chlorate the remaining chloral is decom
posed into HCl and dichloroketene. 
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Separation of Cellulose Chlorate 
NMR analysis proved that cellulose molecule 

dissolves and exists in the form of cellulose 
trichlorate in the D-C-P system. An attempt was 
made to isolate cellulose chlorate from the solution. 
A film was prepared by the procedure described in 
the experimental section. In Figure 11, the IR 
spectra of the film are shown. The cast film shows an 
absorption band characteristics of the chlorate 
residue at 840 em - 1 and a band, characteristics of 
DMF, remained on the film at 1660 cm- 1. In the 
840 em - 1 band is included the chloral hydrate 
residue produced by the reaction between unreacted 
chloral and water during the casting process. This 
film was found to dissolve easily in DMF alone. In 
the case of the film washed with carbon tetrach
loride, the 1660 em - 1 band disappeared and the 840 
em - 1 band also considerably weakened in intensity, 
indicating that the remaining DMF and chloral 
were washed out. The film swelled only in DMF and 
was not completely dissolved. The chlorine content 
of the carbon tetrachloride-treated film was found 
to be 30.6 wt%, which is nearly equal to the 
theoretical value of 38.2 wt% for the cellulose 
monochlorate. The chlorine content of the water
treated film, whose characteristic IR band at 840 
em - 1 completely disappeared, was found to be less 
than 0.1 wt%, indicating a complete regeneration to 
cellulose, as a result of the hydrolysis of the chlorate 
residue by water. Thus, cellulose trichlorate could 
not be isolated from the system under the experi
mental conditions employed here. It should be 
noted here that the D-C-P solution of cellulose ex-

Figure 11. IR spectra for cellulose derivatives re
covered from D-C-P system: full line, cast film; broken 
line, carbon tetrachloride-treated film; dotted line, water
treated film. 
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hibited a pH value less than 3 when an extremely 
small amount of water was added to the solution. 
This acidic nature of the D-C-P system is a direct 
reflection of the possibility of an HCI elimination 
reaction when chloral exists in large excess in the D
C-P system. The acid existance in the system may 
facilitate the hydrolysis of the chlorate residue with 
absorbed water during the recovery process. In fact, 
as described before, the water-treatment of cellulose 
monochlorate results in the complete hydrolysis to 
cellulose. From the IR spectra in Figure II, it can 
further be confirmed that the hemiacetal reaction is 
superior to the dichloroacetylation of cellulose, 
since the recovered film never shows the carbonyl 
absorption band. 

In Figure 12, the X-ray diffraction pattern of the 
water-recovered cellulose is shown together with 
those of natural cellulose and the regenerated 
cellulose from viscose. A comparison of these 
patterns reveals that the water-recovered cellulose 
from D-C-P system is cellulose II. 

Dissolving Mechanism of Cellulose in D-C-P System 
The dissolving mechanism of cellulose in the D

C-P system may be summarized as follows. 
At first, DMF may weaken the hydrogen bonds 

existing in cellulose molecules, which are attacked 
by a complex formed by chloral and pyridine. The 
carbonyl anion, which is highly anionized by the 
coordination of pyridine to chloral, may cause a 
hydrogen-abstraction reaction with OH groups of 
cellulose molecules. This reaction may also be 
accelerated by the pyridinium cation, a part of the 
complex, which can coordinate with the oxygen 
atoms of the OH bond of cellulose. Finally, cellulose 
reacts with chloral and dissolves in the form of 
cellulose trichlorate in the solution through a 
hemiacetal reaction. Since the HCI elimination 
reaction (or dichloroketene formation) from chloral 
molecule is much slower than the hemiacetal 
reaction, dichloroacetylation of cellulose does not 
occur in the D-C-P system. However, a portion of 
the unreacted chloral remaining in the system can be 
converted into HCI and dichloroketene. The exis
tence of this acid in the system may influence the 
hydrolysis of the chlorate residue which reacted with 
the cellulose molecule during the cellulose recovery 
process in the system. HCI may catalyze the 
hydrolysis of cellulose chlorate to cellulose when the 
D-C-P solution of cellulose is treated with water. In 
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(a) (b) 

(c) (d) 

Figure 12. X-ray diffraction patterns of regenerated cellulose from D-C-P system by water (a), natural 
cellulose (b), regenerated cellulose from viscose solution (viscose rayon) (c), and regenerated cellulose from 
cupurammonium solution (d). 

spite of the acidic nature of the D-C-P system, the 
cellulose in the system was found viscometrically 
not to be degraded by comparing the original 
cellulose (Mw=l7.lxl04 ) and it's regenerated 
cellulose (Mw= 17.7 xI if) in the system by water. 

The strong interaction between DMF and cel
lulose chlorate, detected by a significant shift in it's 
OH peak position in NMR spectra, is attributable 
to the excellent stability of the cellulose solution and 
also give rise to the strong inhibitory action against 
any pendant polymerization of chloral onto the 
cellulose molecules. 
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