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SYNOPSIS 

Carboxymethyl cellulose was synthesized in two-phase medium containing benzene, ethanol, 
and water. The distribution of substitution of hydroxyl group attached to Ck Carbons ( k  
= 2, 3, and 6) in an anhydroglucose unit (AGU) was determined by 'H-NMR method. It 
showed that the sequence of distribution of carboxymethyl group of the products in AGU 
was Cs > C2 > C,; and when degree of substitution (DS) was low to 1.0, the approximate 
value of C, : C3 : Cs was 1.45 : 1 : 2.15. When DS was higher than 1.0 and increased, the 
distribution of substitution tends to identical. Through analysis of X-ray diffraction and 
calculation of crystallinity and interplanar distance of CMC, the principle of distribution 
of the substituent had been explained. The influence of benzene on distribution of substituent 
of CMC was also investigated. It was found that distribution of substituent of CMC prepared 
in medium benzene-ethanol at  Cs position was higher than that prepared in ethanol. 
0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Carboxymethylcellulose, one of the important cel- 
lulose derivatives, is generally prepared through the 
reaction of alkali cellulose with monochloroacetate 
or its sodium salt in organic mediums. CMC pos- 
sesses many available qualities, such as inspissation, 
filming, emulsification, suspension, water main- 
taining, and bind, etc. Since CMC was synthesized 
by Jansen in 1918l and industrialized in the 1940s, 
CMC has been used for many applications, such as 
printing and dyeing, medicine, food, textures, toilet, 
electrical elements, papermaking, etc. Physical and 
chemical characteristics of CMC are influenced 
mainly by the degree of substitution, distribution of 
substitution, degree of polymerization, and it's dis- 
tribution. Among them, DS and homogeneity of dis- 
tribution of substitution are two important indexes 
and have influence on dissolubility, rheologic quality 
of solution, heat durability, salt resistance, and en- 
zyme degradation of CMC, etc. The preparation of 
CMC with homogeneous distribution of substitution 
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has been studied by methods of etherifing on several 
stages2 or in homogeneous phase.3 However, the long 
period of former production leads to low availability 
of facilities, high consumption of energy, and high 
cost of product, which make its application limited. 
The DS of productions prepared by the latter 
method is very low, which is still in the stage of 
exploration. Owing to the structure of material cel- 
lulose and coexistence of crystalline and amorphous 
regions, preparations of CMC with homogeneous 
distribution are very difficult. In this paper, through 
changing the type of solvent to  increase the extent 
of destroy and transformation of internal crystalline 
structure of cellulose, we improved the homogeneity 
of distribution of substitution of CMC. The solvent 
selected was a two-phase system containing benzene, 
ethanol, and water, in which CMC was prepared and 
showed excellent dissolubility and stability. 

The  method of 'H-NMR with high resolution 
has been used for the study of distribution of the 
substituent a t  different carbon positions of AGU 
of cellulose ether (orientation distribution). Char- 
acteristics of oriention distribution of CMC pre- 
pared in the former medium were also studied and 
interpreted by X-ray diffraction analysis. At the 
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same time, we have researched the effect of benzene 
on orientation distribution of CMC and introduced 
the method of determination of DS by 'H-NMR 
spectrum. 

EXPERIMENTAL 

Synthesis of Carboxymethylcellulose 

100 g industrial cellulose, 320 mL benzene, and 
ethanol (95%) were added in the kneader. Scission 
and stirring continued 5 min a t  25"C, a solution of 
NaOH was added and the reaction lasted longer than 
0.5 h, then monochloracetic acid was added and the 
reaction proceeded a t  50-60°C for 0.5 h. Immediately 
on termination of the reaction, the resultant system 
was neutralized to  pH 7-8 with acetic acid and 
washed with 80% methanol until C1- could not be 
detected by AgN03. White powder could be obtained 
after crushing and drying. 

Determination of Degree of Substitution 

DS was determined by a ~ h i n g . ~  CMC sample was 
washed several times with ethanol to remove salts. 
After firing in high temperature, organic substances 
of CMC were removed while oxidate of sodium salt 
remained. The quantity of Na+ of the remainder 
could be determined by titration, and the average 
DS of CMC was calculated. 

X-ray Diffraction Analysis 

Absolute dry CMC was placed in the sample con- 
tainer of the X-ray diffractometer and pressed, and 
the circumference of container was sealed by paraf- 
fin. Only samples were exposed to X-rays and 
scanned by 2308 type X-ray diffractometer (Rigaku 
Denki Co., Ltd., Japan). 

The degree of crystallization of CMC was mea- 
sured by internal reference m e t h ~ d . ~  The interplanar 
distance was calculated by the Bragg diffraction for- 
mula 2d sin 0 = nX. Here n = 1 (first-order diffrac- 
tion), 0 is the diffraction angle, and X is the wave- 
length of the X-ray. 

'H-NMR Measurement 

About 50 mg the CMC sample and 0.85 mL D20  
were added in a little heat-resisting class bottle; 
CMC was swallen, then added to a 0.85 mL mixture 
solution of D 2 0  and D2S04 (1 : 1, v/v) and the bottle 
was shaken. The resulting slurry was heated at  90°C 

in oven for 2-4 h (the higher the DS, the shorter 
time was needed). Yellow, homogenous, and low vis- 
cosity solution was obtained at  a later period of hy- 
drolysis, 0.4 mL of which was added into 5@m NMR 
tube and measured by JEALF X 90Q NMR spec- 
trometer. The operating conditions were as follows: 
90 MHz; probe temperature, 25°C; unipulse; tetra- 
methylsilane, reference substance. 

RESULTS AND DISCUSSION 

'H-NMR Peak Assignment of CMC Samples 

Substituted glucose can be obtained by hydrolysis 
of CMC a t  90°C in sulphuric acid solution and an- 
alysed by 'H-NMR. 

CH,OR 
L n  

H OR 
R = -CH2COOD 

The 'H-NMR spectra of CMC synthesized in a 
benzene-ethanol medium with DS of 0.5,0.65, 0.73, 
0.86,0.95, 1.00, 1.10, 1.28, and 1.37 (1-9) have been 
determined, respectively, and their shapes are sim- 
ilar. Figure 1 shows that the typical spectra of CMC 
with DS of 0.65 [Fig. l (a)]  and 1.10 [Fig. l (b)J  (width 
of spectrum: 5 ppm) double and triple peaks between 
3.00-4.00 ppm are caused by protons of C, position 
on AGU. Double peaks (A and B) locates low field 
and are caused by protons of a-glucose. Triple peaks 
(C) locates a higher field and are caused by protons 
of &glucose. Peak A is formed owing to attraction 
of carboxymethyl group a t  C2 position with the elec- 
tric cloud of proton a t  C, position (shift to the lower 
field). Peak B indicates a hydroxyl group attached 
to C2 position not be substituted, which can be ver- 
ified by increase of strength of peak A when DS 
improving. 

Table I shows that the ratios of JA/JB (JA and JB 
are the areas of characteristic peaks of protons at 
the C1 position of AGU substituted and unsubsti- 
tuted at  the C2 position, respectively) increase with 
improvement of DS. Carboxymethyl groups at  other 
positions except for the C2 position almost have no 
influence on the characteristic peak of proton a t  C, 
position. The integral value of A + B + C corre- 
sponds to proton of the C1 position. The character- 
istic peak between 0-2.4 ppm is caused by protons 
a t  C2-C6 positions ( K ) ,  the integral curve of which 
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Figure 1 'H-NMR spectrum of CMC at 90 MHz. 

corresponds theoretically to six protons. The ratios 
of integral values of K and A + B + C (Jk/JA+B+c) 
can be used to determine the degree of acid hydro- 
lysis of CMC. Table I shows that Jk/JA+B+c are ap- 
proximately equal to six, which means hydrolysis of 
the CMC is complete. 

Characteristic peaks caused by protons of the 
-OCH2COOD group are between 2.5-3.0 ppm, 
which are signed by D, E, F, and M ,  respectively. 
D is caused by protons of carboxymethyl group a t  
C,  position, and E and F by that of a- and @-glucose 
at C2 position, respectively. M indicates infor- 
mation of a substituent at the c6 position and the 
total integral value of D + E + F + M corresponds 
to protons with 2 - DS in number. Instead of be- 
tween 0-4.0 ppm, peaks of the unsubstituted hy- 
droxyl group to C2, C3, c6 position and H 2 0  ab- 
sorbed in sample appear in the lower field (about 
8 ppm). 

The Distribution of the Carboxymethyl Groups 
at C,, C,, and C, Positions 

Through analysis of characteristic peaks between 
2.5-3.0 ppm, we became aware that the peaks D, E, 
F, and M are caused by the substituents at  C3, aC2, 
@C2, and c6 positions, respectively. The distribution 
of the carboxymethyl groups at the C2, C3, and c6 
positions corresponds to the ratio of integral values 
of these characteristic peaks (aC2 1- @c2 : C3 : c6). 

But Figure 1 shows that the positions of peaks D 
and E approach so closely that it's difficult to read 
their integral values; for this reason, the following 
calculation is necessary. 

JD+E, JF, and JM (integral values of peaks D + E, 
F, and M,  respectively) can be obtained through 
spectrum. Because the proportion of a- to @-glucose 
is 36 : 64,6 the proportion of J E  to JF is also 36 : 64. 
Then the value of JD and JE can be calculated, and 
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Figure 1 (Continued f r o m  the previous page) 

the distribution of substituent a t  the C2, C3, and C6 
positions is expressed by J E + F ,  Jn, and J M :  C2 
= DS * ( J E  + JF) /JD+E+F+M; C3 = DS* JDIJD+E+F+M; 

Table I1 shows that the orientation distribution 
of substituents of CMC produced in the medium 
benzene-ethanol-water indicates that the possibility 
of carboxymethyl substitution of hydroxyl group at- 
tached to C6 is the greatest; the second is that to C,; 
and the last is that to CB. The reason may be that 
hydroxyl group attached to C2 is primary alcohol, 

and C6 = D s ' J M / J I l + E + F + M -  

Table I The Degree of Hydrolysis of CMC 

which has small steric hindrance and is more easily 
substituted than secondary alcohol to C, and C,, 
while the structure of crystalline regions of cellulose 
is gravely damaged. 

The arrangement of chains in the cells of natural 
cellulose (cell I) are parallel. Hydroxyl groups along 
molecular chains are all embodied in hydrogen 
bonds. There are intermolecular hydrogen bonds 
[0(3)H - - - 0(5')] and [0(2')H - - - 0(6)] with bond 
distances of 2.75 X and 2.87 X lo-'' m, re- 
spectively, along chains. Between two AGU of ad- 

No. 1 3 4 5 6 7 8 9 

DS 0.58 0.73 0.86 0.95 1.00 1.10 1.28 1.37 
JA 1.8 3.6 4.1 8.0 4.5 4.0 6.6 5.0 
JB 3.0 4.0 4.2 6.4 3.5 2.5 3.4 2.0 
JA/JB 0.60 0.90 0.98 1.25 1.29 1.60 1.94 2.50 
JA+B+C 13.8 16.0 17.9 31.0 20.0 19.0 28.0 16.7 
Jk 88.0 89.7 87.3 165.2 125 110 168 83.5 
Jk/JA+B+c 6.38 5.61 4.88 5.33 6.25 5.79 6.00 5.00 
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Table I1 The Distribution of CMC's Substituents on C z ,  C3, and C6 in AGU 

Integral Value 
Content of 

Substituents 
Distribution of 

Substituents 

NO. DS JD+E+F+M JD+E JF JE+F JD JM 

1 0.58 18.1 6.0 3.7 5.78 3.92 8.4 
2 0.65 25.5 8.2 5.0 7.81 5.39 12.3 
3 0.73 23.5 8.0 4.5 7.03 5.47 11.0 
4 0.86 27.0 8.5 5.5 8.59 5.41 13.0 
5 0.95 52.0 18.0 12.0 18.75 11.25 22.0 
6 1.00 39.8 14.1 9.8 14.31 8.99 16.0 
7 1.10 41.7 13.5 8.5 13.28 8.92 19.7 
8 1.28 68.5 25.5 15.5 24.22 16.78 27.5 
9 1.37 41.0 20.0 11.0 17.29 13.81 20.0 

c2 

0.319 
0.306 
0.299 
0.309 
0.360 
0.359 
0.318 
0.354 
0.419 

c3 cfi 

0.217 0.464 
0.211 0.482 
0.233 0.468 
0.210 0.481 
0.216 0.423 
0.226 0.402 
0.235 0.447 
0.245 0.401 
0.337 0.487 

c2 c3 cfi c, : c3 : cfi 

0.185 
0.199 
0.218 
0.266 
0.325 
0.359 
0.350 
0.453 
0.574 

0.126 0.269 
0.137 0.313 
0.170 0.342 
0.192 0.414 
0.195 0.419 
0.226 0.402 
0.259 0.492 
0.314 0.514 
0.461 0.668 

1.47 : 1 : 2.14 
1.45 : 1 : 2.29 
1.29 : 1 : 2.01 
1.39 : 1 : 2.16 
1.67 : 1 : 2.15 
1.59 : 1 : 1.78 
1.35 : 1 : 1.90 
1.44 : 1 : 1.64 
1.25 : 1 : 1.45 

jacent chains also exist intermolecular hydrogen 
bonds [ 0 ( 6 )  - - - 0(3) ] ,  with a bond distance of 2.79 
X lo-'' m which is on (020) crystal face.7 In crys- 
talline regions, linkage depends mainly on a large 
quantity of intermolecular hydrogen bonds. During 
carboxymethylation of cellulose, crystalline struc- 
ture of cell I is gravely destroyed by the aquated Na+ 
and the medium benzene-ethanol. Through X-ray 
diffraction analysis of natural cellulose and CMC, 
we can see that no characteristic peak of cell I exists; 

there is only a diffraction peak of amorphous cel- 
lulose a t  20 = 20" (Fig. 2), which indicates that the 
crystalline structure of the original cellulose has 
been damaged almost completely. The data of in- 
terplanar distance and crystallinity in Table I11 
shows that the crystallinity of CMC decreases 
largely, while dlol, increases. The increase of inter- 
planar distance of (101) is due to the damage of hy- 
drogen bonds on (020) and the formation of the eth- 
erification center (cell-ONa).' Rapid decrease of 

- 
28 10 I5 20 25 30 35 

Figure 2 X-ray diffraction of cellulose and CMC. 
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Table I11 
of Nature Cellulose and CMC 

The Analysis of the X-ray Diffraction 

No. Crystallinity dlol (lo-'' m) 

0 Cellulose 0.565 6.010 
1 CMC 0.433 7.306 
2 CMC 0.388 7.366 
7 CMC 0.229 8.835 
9 CMC 0.134 9.012 

crystallinity means that most of the intermolecular 
bonds [0(6)H - - - 0 ( 3 ) ]  on (020)  have been opened; 
the resulting improvement of accessibility of hy- 
droxyl group to c6 carbon leads to high reactivity. 

Table I1 shows that the distribution of carboxy- 
methyl groups c, : c3 : c6 is approximately equal to 
1.45 : 1 : 2.15. However, when DS is higher than 1.0 
and increases, and the degree of increase of substit- 
uents a t  C2 and C3 positions is higher than at  c6 
position, we offer the following explanation. The 
higher the degree of activation of the hydroxyl group 
attached to c6 carbon (accessibility), the smaller the 
quantity of hydroxyl groups without being activated, 
which leads to  a decrease of the rate of reaction of 
hydroxyl group attached to c6 position and increase 
of probability of activation of hydroxyl groups at  C2 
and C3 positions. The distribution of substituent a t  
C2, C3, and c6 positions become homogeneous when 
DS of CMC is higher than 1.0. 

Generally, the reactivity of hydroxyl group at- 
tached to  the C2 position is higher than that to (& 
and C3;'-I3 however, the former discussions indicate 
that the sequence of distribution of the substituent 
is c6 > c2 > c3 and shows a certain extent regularity. 
The reason may be that, on the one hand, it's related 
to  the raw material used; on the other hand, the 
different types of reaction mediums lead to different 
destroyed extents of crystalline structure of CMC 
and different reactivity of hydroxyl group. 

The Effect of Benzene on the Orientation 
Distribution of the Substituent of CMC 

Figures 3 and 4 show 90 Hz 'H-NMR spectrum of 
the CMC sample prepared in an ethanol medium 
with DS = 0.53, and in benzene-ethanol with DS 
= 0.55, respectively. Analytical results of the ori- 
entation distribution of substituent are arranged in 
Table IV. 

The data of the distribution of the substituent of 
CMC produced in benzene-ethanol have been com- 
pared with that in ethanol. Results dicate that the 
quantity of the substituent at the c6 position of the 

former CMC is higher than the later under same 
DS; that a t  the C3 position is similar. I t  is related 
to the existence of benzene, which improves the ex- 
tent of destruction of the crystalline region of CMC 
and increased the break of intermolecular bond 
[0(6)H - - - 0(3 ) ]  formed a t  c6 position, which leads 
to  an increase of the accessibility of hydroxyl groups 
a t  the c6 and c3 positions. 

Determination of the Degree of Substitution 
by NMR 

DS of CMC can be determined by a number of an- 
alytical techniques, such as the former related ashing 
or acid washing method. 'H-NMR is also capable of 
providing DS. 

After analysis of the 'H-NMR spectral, the prin- 
ciple of measuring DS of CMC by NMR is clear. DS 
is the ratio of area of characteristic peaks of sub- 
stituents (between 2.5-3.0 ppm) to that of AGU (be- 
tween 3.0-4.0 ppm or 0-2.4 ppm): 

or 

J U + E i F i M I 2  DS = 
JK/6 

- 
5.W 4 0 0  3 00 2.00 I .XI 0.00 

Figure 3 
ethanol medium) with DS = 0.53. 

NMR spectra of a CMC sample (produced in 
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NMR spectra of a CMC sample (produced in benzene-ethanol) with DS 0.55. 

Table V shows the DS (DS,) calculated through CONCLUSIONS 
the method of averaging JA+B+c and Jk/6: 

JD+E+F+M 

JA+B+C + J d 6  
DS = 

1. Four characteristic peaks between 2.5-3.0 
ppm in the NMR spectra are caused by pro- 
tons of the carboxymethyl groups a t  the C2, 

which approximate the value of Ds determined by 
the ashing method (DS,). The results indicate that, 
the NMR method is feasible and isn’t influenced by 
weight of the samples and impurity, such as NaC1, 
Na2C03, and HOCH2COONa. 

c3, and c6 positions. 
2. The sequence of distribution of substituent 

on AGU is c6 > C2 > CB. When DS < 1.0, C2 
: C3 : c6 is equal approximately to  1.45 : 1 : 
2.15. When DS is higher than 1.0 and im- 

Table IV The Effect of Medium Benzene on the Distribution of Substituents of CMC 

Content of Substituents Distribution of Substituents 

DS Medium CZ c3 c6 c2 C3 c6 cz : c, : c6 

0.53 ethanol 0.470 0.149 0.389 0.249 0.077 0.202 3.15 : 1 : 2.59 
0.55 benzene-ethanol 0.360 0.209 0.431 0.203 0.115 0.237 1.72 : 1 : 2.06 
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Table V DS Determination of CMC Samples 

No. 1 3 4 5 6 7 8 9 

JD+E+F+M 18.1 23.5 27.0 52.0 39.8 41.7 68.5 41.0 
JA+B+C 13.8 16.0 17.9 31.0 20.0 19.0 28.0 13.9 
Jk/6 14.7 14.95 14.55 27.5 20.8 18.3 28.0 13.9 
DS, 0.635 0.759 0.832 0.889 0.975 1.118 1.223 1.339 
DS, 0.58 0.73 0.86 0.95 1.00 1.10 1.28 1.37 

proves, the degree of an increase of substit- 
uent a t  c2 and c3 positions is higher than (26 

positions, and the distribution of substitution 
a t  c2, c3, and c6 positions tend to identical. 

3. Under the same DS, the distribution of the 
substituent of CMC produced in the benzene- 
ethanol medium at the c6 position is higher 
than that in ethanol only. 

4. DS of CMC can be determined by 'H-NMR 
spectrum, which approximate that deter- 
mined by the ashing method. 
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