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ABSTRACT 

The effects of O-carboxymethylation at each of positions 2, 3, and 6 on the 

13C chemical shifts of glucose have been used to assign first the 13C-n.m.r. spectra of 

2,3-, 2,6-, and 3,6-di-O-(carboxymethyl)glucose and 2,3,6-tri-O-(carboxymethyl)- 

glucose and then the spectrum of hydrolyzed O-(carboxymethyl)cellulose (CMC). 

Quantitative analysis of the latter spectrum yields the composition of CMC in terms of 

the mole fractions of the eight component monomeric residues. The results on the 

monosaccharide composition for a series of samples having degrees of substitution in 

the range 0.55-2.17 are described well by Spurlin’s statistical kinetic model for the 

arrangement of substituents (substitution pattern) in cellulose derivatives. The model 

assumes that the substitution pattern is governed by the relative rate-constants for 

reaction of the three hydroxyl groups in the glucose residue. The values of the con- 

stants determined in this work are k, : k, : k, = 2.14: 1 .OO : 1.58. 

INTRODUCTION 

The potential of 13C-n.m.r. spectroscopy for the characterization of cellulose 

ethers was demonstrated in 1977 by Parfondry and Perlin’. Improved n.m.r. instru- 

mentation has enabled us to realize this potential for complete assignment of the 

13C-n.m.r. spectrum of hydrolyzed O-(carboxymethyl)cellulose (CMC). Furthermore, 

we were able to obtain a detailed analysis of the hydrolysis mixture in terms of the 

mole fractions of the component monosaccharides. 

The sodium salt of CMC is the most widely used water-soluble derivative of 

cellulose, and has applications in the food. cosmetic, pharmaceutical, paper, and 

petroleum-producing industries. It is made by the reaction of alkali cellulose with 

chloroacetate2. The reaction conditions are usually chosen such that the resulting 

product has an average degree of substitution (d.s.) in the range 0.4-1.3. Therefore, 

the three hydroxyl groups on the glucose residue of cellulose are, on the average, 

only partly substituted. Thus, CMC may be viewed as a copolymer of eight monomers: 

the residues of glucose, the three O-(carboxymethyl)glucoses (2-, 3-, and 6-), the 

three di-O-(carboxymethyl)glucoses (2,3-, 2,6-, and 3,6-), and 2,3,6-tri-O-(carboxy- 
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broadenings due to inhomogeneous heating of the samples9,‘0~12. Overnight spectral 

accumulations of -9000 transients were usually required in order to obtain satis- 

factory spectra with 5 :/, (w/w) solutions. 

The spectra were deconvoluted by using the supplied Nicolet program NTCCAP. 

In this process, Lorentzian lines were constructed and matched with the experimental 

ones until the difference between the two spectra was minimized. The r.m.s. devi- 

ations between the experimental and calculated spectra were < 1 “/o. The integrals 

of the curve-resolved spectrum were then printed out. The accuracy of this approach 

may be estimated from the integrated areas of the monoprotonated carbons 1, 2, 

3, 4, and 5 of glucose. These were found to be in the ratio 1 .OO : 0.99 : 1.03 : 1 .Ol :0.97, 

that is, the accuracy is +3 7;. 

RESULTS AND DISCUSSION 

Spectra of the monosaccharides. - The assignments for all of the monosacchar- 

ide derivatives are listed in Table I. The glucose assignments were made according 

to the literature’. The spectra of the mono(carboxymethyl)glucoses were assigned 

according to the expected effects of O-substitution on 13C chemical shifts: large 

(7-l 1 p.p.m.) downfield shifts for the carbon atoms z to the substituent and smaller 

(l-2 p.p.m.) upfield shifts for the carbon atoms b to the substituent13. These effects 

are clearly seen by comparing the shifts of 2-O-(carboxymethyl)glucose with those 

of glucose. The signals of C-2 of both anomers are now in the 79-86 p.p.m. spectral 

region, and the signals of C-3 are shifted slightly upfield. In addition, signals from 

the CH, carbon atom of the substituent are apparent in the 68-70 p.p.m. region. 

The signals for the carboxyl group usually appear at b 180 p.p.m. and were outside 

the spectral region of interest. Except for minor discrepancies (reversal of C-3 and 

C-5 resonance positions of 3-O-carboxymethyl-x-glucose and the relative positions 

of the CH, peaks) attributable to the low pH employed in this work, our assignments 

are in agreement with those of Parfondry and Perlin’. 

The effects of monocarboxymethylation on the 13C chemical shifts of glucose 

are summarized in Table II. The magnitudes of these effects were used in the assign- 

ment of the spectra of the di- and tri-0-(carboxymethyl)glucoses. It was assumed 

that the effects are additive. Additivity of substituent effects is a general phenomenon 

in 13C-n.m.r.14. The chemical shifts calculated from the shift of glucose and the 

appropriate sum of values from Table II are listed in Table I in parentheses under 

the experimental values. The standard deviation between the two sets of values is 

0.09 p.p.m. 

The power of our method of assignment was demonstrated by the spectrum 

of a sample labeled originally as 2,6-di-O-(carboxymethyl)glucose. The spectrum 

showed a set of major peaks as well as a number of smaller signals. However, a signal 

was also observed at 60.5 p.p.m., which arises from unsubstituted C-6. In the 79-86 

p.p.m. region there were four minor peaks, in addition to the two major peaks 

attributable to C-2 of the o! and p anomers of 2,6-O-(carboxymethyl)glucose. One 
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TABLE II 

SUBSTITUENT EFFECT OF CARBOXYMETHYLATION ON THE CARBON-13 CHEWCAL SHIFTS” OF GLUCOSE ,N 

ACIDIFIED AQUEOUS SOLUTIONS 

Position C-I c-2 c-3 c-4 C-5 C-6 

2a -2.04 8.80 -0.14 0.01 --0.19 -0.04 

2P -0.38 9.13 -0.11 0.04 -0.11 -0.11 
3a -0.07 -0.44 10.16 -0.42 -0.09 -0.18 

38 -0.10 -0.50 9.61 -0.31 -0.28 -0.18 
6a -0.04 -0.03 -0.08 0.01 -1.18 9.54 
68 $0.05 -0.04 -0.10 0.06 -1.22 9.43 

aPositive values indicate downfield shifts. 

of the monosaccharides expected to show four peaks in this region is 2,3-di-O- 

(carboxymethyl)glucose. The positions of these four peaks are different from those 

of 2,3,6-tri-0-(carboxymethyl)glucose. Thus, the identification is positive. This was 

a fortunate finding, as a sample of pure 2,3-di-0-(carboxymethyl)glucose was not 

available. 

The spectrm of f~~~drolyzed CMC. -The 13C-n.m.r. spectrum ofthe hydrolyzate 

of a CMC sample having d.s. 1.26 is shown in Fig. I. The spectral region 79-86 p.p.m. 

is the richest in analytical information. Twelve of the 16 monosaccharide species 

I ““I”’ ‘I”” 1 ” ” 1 
100 90 80 70 60 pp.m. 

Fig. 1. The W-n.m.r. spectrum of a hydrolyzed sample of O-(carboxymethyl)cellulose having d.s. 
1.26. The small peak at 59.4 p.p.m. was caused by a glycolic acid impurity. 
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Fig. 3. Expanded 71.9-76 p.p.m. spectral region of the lT-n.~~l.r. spectrum of hydroly& CMC (see 

Fig. I): experimental (top), calculated (middle), and curve-resolved (bottom). 

assignments. The integral of either C-2 or C-3 of each species was used to calculate 
the respective mole fraction in the mixture. 

iCfonoiner composition nnd substitution patterm. - The quantitative spectral- 
analysis of hydrolyzed CMC samples yielded the mole fractions s, = c’, (glucose), 

si (monosubstituted glucoses). sij (disubstituted glucoses), and sZJb = C, (the tri- 
substituted glucose). The results obtained with I I samples are graphically displayed 

as a function of d.s. m Figs, 4, 5. and 6. Fig. 4 shows also the fractions of total 

monosubstituted glucoses, C, = sd + sj t s,, and &substituted glucoses, C, = 



8 

0 6 

Fig. 4. The mole fractrons of glucose (CO), the O-(carboxymethyljglucoses (GJ. the dl-O-(carbox>- 

methyl)glucoses (C.Z), and the 1.3.6tri-O-(carboxymethyl)glucose (C:I in h>drol)red ( MC‘ plotted 

as a function of d.\ The cnr\c\ are calculated (we text). 

Fig. 5. The mole fractron of ?-. 3-, and h-O-(carbouymethyl)glucose m hydrolyzed (‘MC‘ plotted as 

a function of d.s. The curves arc calculated (see text). 

,323 + Sl(, + .x3(,. The fractional degree of stibstitutlon, .v,, at each of the tllroe posItlolls 

on the glucose residue and the average degree of subrtrtution, (d.s.) were calculated 

from the following defining cquatlons: .yL = s, + s,,~ + x2(, + .s~.~~,. \‘A I= .A~ -t- .sz3 + 

.sJh + szJh. and .Y~, = .s, + Jo,> + .sjh + szJc,: u’herc d.s. = I-: + \ 1 + .x<,. The Y, 

values art’ plotted as a function of d.c. in Fig. 7. 
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Fig. 6. The mole fraction of 2,3-, 2,6-, and 3,6-di-O-(carboxymethyl)glucose m hydrolyzed CMC 
plotted as a function of d.s. The curves are calculated (see text). 

0.8 - 

0.7 - 

0.5 1.0 1.5 2.0 

d.5 

Fig. 7. The average degree of carboxymethylation at each of the three positions in the glucose 
residue plotted as a function of d.s. The curves are calculated (see text). 

Spurlin proposed two statistical models for the arrangement of substituents in 

cellulose derivatives4. The models assumed that the relative reactivities of the three 

hydroxyl groups in the glucose residue are independent of the d.s. of the cellulose 

chain as a whole or of the state of substitution at other positions within the same 

residue. For ether formation in particular, it is further assumed that the extent of 
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1.5 

5 1.0 

z 
C 
T 

0,5 

1.0 2.0 3.0 4.0 

-InC, 

Ftg. 8. Logarithmic plots of the mole fractions of unsubstituted hydroxyl groups against the mole 
fractton of unsubstituted glucose (see Eqn. 7 and 8). The slopes of the lines are summarized in Table III. 

TABLE I11 

RELATIVE FIRST-ORDER RATE CONSTANTS OF CARBOXYMETHYLATION OF CELLULOSE 

i kJ(kz + ks + k6) 

2 0.470 iro.030 
3 0.220 -+O.OO8 
6 0.348 :i_0.041 

k&z 

I .oo 
0.47 
0.74 

k&a kl/kc 

2.14 1.35 
1.00 0.63 
1.58 I.00 

_ 

TABLE IV 

COMPARISON OF RELATIVE RATE-CONSTANTS FOR CARBOXYMETHYLATION OF CELLULOSE 

Reference ka:ks:k,i 

This work 
Ho and Klosiewcz” 
Buytenhuys and Bonn’ 
Croon and Purve9 
Time11 and Spurlit 

2.14:1.00:1.58 
2.0:1.0:1.5 
2.5 : 1 .O : 1.8 
2: 112.5 
1 :I 12 



The experimental data may now be plotted as ln( I .Y, ) versus Itu,,. Provided 

the model holds, the plots should be linear with a slope of/\,;(i\, -t A-, t X,,). Such 

plots are shown in Fig. S. Ah may be seen 111 Fig. X the plot:, ;trc Itnear. tndicattng 

that the model is closely obeyed. The slopes and the relattvc firat-otdcr rate constants 

obtatned from the ratios of the ilopes are summarized in Table III. The uncertatntie\ 

were calculated from the standard deviattonh. 

The procedure used to construct theoretical curves for the monoacchartdc 

fractions and related quanttties is ah follows. Ftrat. d.s. values were calculated for ;I 

set of B values and a plot of R agatnst d.s. was constructed. Then. thts plot 1~3s usctd 

to read the value of B corrcspondtng to :I given d.s. value of intexst The curw\ III 

Figs. 4-7 were calculated III this manner by using the relative rate-constants gcen 

in Table 111. These plots convtncingly dcmonstrnte the excellent conformtty of the 

data to the model. In particular, there IS no indtcatton of modtficatton of the reuctivitl 

of one hydroxyl group upon substttutton of another one in the ame glitcae residue. 

Such modificntions would have rnarkdly Hected the behnvtor of the data for the 

dtsubstituted glucoses (C1 tn FIN 4. .J,, tn Fis. 6) :lnd for the trt,ubstttuted glucose 

(C, in Fig. 4). 

The relative rate-constants detcrtntned in this worh arc‘ compared in T:lble I\’ 

lvith publtbhed results Our tindings we in good qgxment wtth the rcccnt results of 

Ho and Klosiewicz. obtained by proton n.m.r. spectroscopy’ and with those 01‘ 

Buytcnhuys and Bonn. ohtatned b) gas chromatogr:tphv and rna\~-sp0ctrom~trtc 

identification of the silylated monosacchariJc~-. We have nat :rttenipted to tnvestigutc 

the or-t&n of the discrepanctes wtth the other two \borhs’.“. It should hc pointed out. 

however. that tn both of‘ t htx casts the calculattonc assumed tntcrfcrcnce of the 

substitutent ;tt one posttion \\ith the rcnctivity of the neighbortng h):dt-ox?1 group. 
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