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Abstract

Derivatives of cellulose, amylose and chitosan, bearing simultaneously 10-undecenoyl and arylaminocarbonyl or
benzoyl groups were characterized by the combined use of 'H NMR and elemental analysis. The mathematical
manipulation of elemental analysis data permits the calculation of the degree of substitution for each kind of
substituent. The method was validated and is applicable to other derivatives. © 2000 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

A number of commercially available chiral
stationary phases for HPLC comprise polysac-
charide derivatives coated onto silica gel [1].
Their stereoselectivity depends on the polysac-
charide and the kind of derivatization, but
they are soluble in certain chromatographic
solvents, which limits their applicability. The
introduction of 10-undecenoyl groups in a
double derivatization (10-undecenoate/aryl-
carbamate or benzoate) on the polysaccharide
(Fig. 1) allows fixation on chromatographic
matrices [2—8], but it complicates the chemical
characterization  of the  polysaccharide
derivatives.

* Corresponding author. Tel.: + 34-93-4024533; fax: + 34-
93-4035941.

E-mail address: minguill@farmacia.far.ub.es (C. Mingui-
116n).

Various doubly substituted derivatives of
cellulose and amylose have been described
[9-12] and characterized by 'H NMR and
elemental analysis, techniques of low sensitiv-
ity and poor selectivity. Characterization
based on elemental analysis usually assumes
that doubly substituted polysaccharides are
completely derivatized, and the presence of
free hydroxyl groups is not taken into ac-
count. Thus, if a given ratio of substituents is
assumed, a theoretical composition can be
calculated and the results compared with the
experimental analysis. Moreover, if the doubly
derivatized polysaccharide contains a hetero-
atom (nitrogen or chlorine) in only one of the
derivatizing groups, its percentage in the ele-
mental analysis is considered to be free of
experimental error and all other percentages
are referred to it in the so-called theoretical
composition. The degree of substitution (DS)
for the group containing this heteroatom is
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calculated directly from its percentage. The
DS for the second derivatizing group is then
the difference between the DS for the first
substituent and the total substitution.

The need to quantify both derivatizing
groups independently has led to the develop-
ment of a systematic procedure that made
such assumptions unnecessary. This report
discusses the combined use of '"H NMR and
elemental analysis to characterize cellulose,
amylose and chitosan derivatives and to calcu-
late DS.

2. Results and discussion

TH NMR spectra.—Polysaccharide deriva-
tives, prepared as described [4,5] were qualita-
tively characterized by their "H NMR spectra,
recorded at 70 °C to improve the signal reso-
lution. Proton assignments based on COSY
experiments were consistent with previous re-
sults [13—15] (Table 1). Chitosan derivatives
gave broader signals than cellulose derivatives,
and COSY experiments did not permit suc-
cessful assignments. A monomeric unit of 3a,
2 -deoxy - 1,3.,4,6 - tetrakis - O - (3,5 - dimethyl-
phenylaminocarbonyl)-2-(3,5-dimethylphenyl-
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cellulose derivative
1
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amylose derivative

2
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ureido)-B-D-glucopyranose, was thus prepared
from 2-amino-2-deoxy-B-D-glucopyranose as a
standard to facilitate assignment. The 'H
NMR spectrum of this compound was inter-
preted from the study of the coupling pattern
of signals and by COSY experiments, al-
though the comparison with the spectra of the
polymers was not conclusive. A tentative as-
signment based on the comparison with cellu-
lose derivatives is proposed in Table 1.
Protons corresponding to substituents are less
affected by the restricted motion of the macro-
molecule and their signals were easy to assign.

The absolute DS cannot be determined on
the basis of "TH NMR spectra in most cases.
The broad and sometimes overlapping signals
corresponding to glycosidic protons cannot
always be properly integrated, although the
ratio of substituents can be estimated from the
integral of their signals.

"H NMR spectra can also be used to assess
the purity of the polysaccharide derivative, in
spite of the low sensitivity inherent to the
technique. Low molecular-weight impurities
are detected at room temperature, even at low
percentages, because of the sharp peaks that
they originate. The main by-product in the
preparation of carbamate derivatives is the

chitosan derivative

3

and

R: -CONH

-CO

R: -CO-(CH,)g-CH=CH,

a: X=3,5-Me,

b: X=4-Me

c: X=H

d: X=4-Cl
L& X=3,5-Cl,

f: X=3,5-(MeO),
g: X=3,5-Me,

h: X=4-Me

i: X=H

j: X=4-Cl

k: X=3,5-Cl,

Fig. 1. Polysaccharide derivatives.
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urea from the decomposition of the unreacted
isocyanate. N,N'-bis(3,5-dimethylphenyl)urea
1s formed in the preparation of 1a (and also 2a
and 3a). The high intensity of the singlet
absorption at o 2.26, assigned to the four
methyl groups of this compound, can compen-
sate for the low sensitivity of NMR.
Elemental analyses.—Once the absence of
low-molecular weight impurities has been
proved by '"H NMR and thin-layer chro-
matography (TLC) of the washing liquors,
elemental analysis becomes the technique of
choice to determine the DS of polysaccharide
derivatives. For example, the empirical for-
mula for 1d and 2d is: [C{H,O4(C,,H,,0).-
(C,H,CINO),(H); _,_,],, where x is the num-
ber of 10-undecenoyl groups and y the num-
ber of 4-chlorophenylaminocarbonyl groups,
per glucose unit. Only the extreme sub-
stituents in the polysaccharide chain (position
1 of the first and position 4 of the last unit in
each molecule) are not considered. From this
composition, several equations can be estab-
lished to link x and y with the experimental
values of the elemental analysis (Egs. (1)—(4)).

12-(6 + 11x + 7y) - 100

%C = 1

/C 162+ 167x 4+ 154.5y —x—y b
14y - 100

%N = 2

/o 1624+ 167x+ 154.5y —x—y @

(10+19x+ S5y —x—y)- 100

0 —

/oH = 162+ 167x 4+ 154.5y —x —y ®
Sy -1

0Cl — 35.5y - 100 @)

1624+ 167x+ 154.5y —x—y

This equation system has a solution when
the experimental error in the determination of
the elemental composition is taken into ac-
count. The considered margins of error are
lower than those generally admitted for the
characterization of low molecular weight or-
ganic compounds and they result in a narrow
margin in the calculated DS for every sub-
stituent.

The DS was calculated using a program
written in QBasic v4.5 (Fig. 2). This procedure
was applied to benzoates and carbamates of
cellulose and amylose (Table 2). A series of
values for DS compatible with the previously
mentioned equations was obtained from a sin-

gle elemental analysis. All of them are in-
cluded in an interval expressed by the
arithmetic mean of the extreme values and its
difference from them (Gaussian distribution)
(column DS in Table 2). The mean of the
results is used to estimate the molecular
weight per glycosidic unit corresponding to
each derivative (Table 2). The calculated DS is
consistent with the ratio of substituents calcu-
lated from '"H NMR spectra (Table 2), except
for low DS in one of the substituents (deriva-
tive 1a', Table 2), where the ratio of sub-
stituents cannot be determined accurately
from the '"H NMR spectra.

Ranges of DS in derivatives containing only
C, H and O (1f-i) are broader than those of
derivatives containing additional heteroatoms
such as N or Cl. Thus, the more available
equations, the narrower the interval of DS.

Chitosan derivatives.— The content of acetyl
groups, remaining from the partial deacetyla-
tion of chitin, has to be considered when
chitosan is the starting polysaccharide. Tech-
niques such as '"H NMR and IR have been
used in the determination of the acetylation
degree [16], but they are not free of experi-
mental error. The measurement of the integral
in broad and overlapping signals of glycosidic
ring protons is the main source of error when
'"H NMR is used. The low sensitivity of the
technique makes it difficult to determine the
low content of acetyl groups. The determina-
tion of a suitable baseline to measure the
relative intensity of bands (such as those at
1655 or 1560 c¢cm ') is critical when IR is
used. Moreover, depending on the degree of
acetylation of the chitosan considered the rela-
tionship between relative absorption and
acetylation is nonlinear [16]. In addition, wa-
ter adsorbed on the highly hygroscopic chi-
tosan may alter the absorption of certain
bands [16,17].

To test the validity of elemental analysis to
estimate the DS in chitosan derivatives, differ-
ently acetylated chitosans were first deriva-
tized with  3,5-dichlorobenzoyl chloride
(compounds 4, Table 3). The presence of chlo-
rine provides an additional criterion to deter-
mine the DS. However, the finding of lower
%C and higher %CIl values than expected was
attributed to the presence of inorganic mate-



Table 2
DS of the cellulose and amylose derivatives

Derivative Elemental analysis DS @ Ratio arom./10-undec. MW per Calculated elemental Ref.
glycosidic unit®  composition ®
%C %H %N  %Cl  10-undec. Arom. From elemental From 'H %C %H %N %Cl
analyses ® NMR spectra
la'c 63.70 637 626 - 0.05+0.03 2.12+0.11 424 - 479.88 63.73 6.20 6.17 - 4
1a 6580 6.79 597 - 0.354+0.02 2444007 7.0 8.1 579.50 65.97 6.61 591 - 4
1a™ 64.60 7.05 457 - 0.51+0.05 1.554+0.07 3.0 4.0 473.37 64.64 6.98 4.57 - 4
1a" 66.10 8.04 249 - 1.16+0.07 0.86+0.06 0.7 0.6 480.29 66.09 8.04 2.48 - 4
1b 63.50 584 6.77 - 0.14+0.04 24140.13 185 17.9 502.82 63.56 5.80 6.68 - 6
1c 62.03 524 7.3 - 0.16 £0.05 2.404+0.14 15.9 14.2 471.29 61.95 5.19 7.15 - 6
1d 5245 398 594 1541 0.12+0.02 2.27+0.09 20.6 15.9 529.53 52.43 3.98 6.01 1524 6
le 47.50 370 4.88 2582 0.31+0.03 2.11+4+0.12 6.5 9.1 608.35 47.66 3.62 481 2440 6
1f 61.51 572 - - 0.32+0.06 2474025 7.8 9.4 625.53 61.47 5.72 - - 5
1g 70.53  6.65 - - 0.39+0.15 2454023 6.3 7.2 549.53 70.54 6.66 - - 5
1h 69.11 599 - - 0.29+0.06 243+0.14 8.4 7.7 495.84 69.14 6.00 - - 5
11 6791 540 - - 0.30+0.05 242+40.13 8.1 7.3 462.74 67.94 5.41 - - 5
1j 57.40 388 - 16.72 0.24+0.04 2674+0.12 11.7 9.6 572.53 57.32 3.88 - 16.67 -
1k 49.14 290 - 29.30 0.19+0.02 2.7340.08 144 13.8 667.56 49.02 2.83 - 29.14 5
2a 64.67 646 597 - 0.18+0.05 2.194+0.10 12.2 12.6 514.53 65.47 6.41 5.97 - 8
2b 63.56 578 675 - 0.134+0.06 2.444+0.16 20.3 14.1 505.68 63.60 5.77 6.75 - 8
2d 5212 403 591 15.03 0.09+0.03 2.12+0.13 236 17.8 502.44 52.15 4.00 591 1498 8
2e 46.59 338 5.18 2576 0.22+0.03 231+0.10 10.2 9.1 634.38 46.72 3.32 510 2585 8
2j 58.02 4.12 - 16.34  0.32+0.02 2634006 8.3 14.7 580.55 57.86 4.08 - 16.14 8
2k 49.64 3.01 - 28.59 0.26 +0.03 2.66+0.10 10.7 9.0 666.74 49.48 2.98 - 28.52 8

2 DS expressed as interval.

® Based on the arithmetic mean of DS.
©1a", 1a derivatives having different DS.



Table 3

DS of chitosan derivatives

Derivative ®  Elemental analysis DS Ratio arom./10-undec. Calculated elemental
composition °
%C %H %N  %Cl  10-Undec.  Arom. Ac From elemental From 'H NMR spectra  %C %H %N %Cl
analyses °
3a’ 58.07 631 798 - 0.13+0.06 1.38+0.38 0.20 10.5 15.0 61.61 6.65 8.44 -
3a" 60.04 6.30 8.09 - 0.16+£0.07 1.87+0.57 0.13 10.9 14.9 63.73  6.64 8.55 -
3a™ 61.69 6.32 8.06 - 0.24 +£0.08 2.22+0.56 0-0.05 9.3 9.0 65.14  6.69 8.52 -
3b 61.30 592 8.69 - 025+0.07 231+0.38 0-0.05 98 14.3 64.09  6.19 9.09 -
3d" 52.80 496 7.38 13.12 0.394+0.10 1.66+0.31 0.20 4.3 5.5 54.69  5.13  7.63 12.01
3q" 49.55 415 1790 1493 0.16+0.07 2.05+0.39 0.13 12.7 16.1 52.87 442 840 14.25
3q™ 50.32 399 820 15.14 0.14+0.07 250+0.27 0-0.05 194 19.1 5282 4.11 8.63 15.68
3e 45.16 348 694 26.14 0.27+0.10 2.18+041 0-0.05 84 11.2 47.17  3.63 7.23 25.09
3j 5740 4.00 237 17.14 0.194+0.02 2.74+0.04 0-0.05 144 13.2 57.21 3.96  2.44 16.94
3k 49.39 315 205 28.60 0.23+0.03 2.67+0.06 0-0.05 11.6 14.2 4943  3.10 2.11 28.58
4Kk'© 43.12 380 3.99 22091 - 0.89+0.05 0.20 - - 46.87 4.08 4.33 19.54
4Kk" 45.64 288 270 28.57 - 1.95+0.12 0-0.05 - - 4736  3.00 2.80 27.66
4™ 4521 332 320 26.30 - 1.43+0.07 0.20 - - 4725 342 336 24.36
4Kk 4696 286 248 30.56 - 2244+0.09 0-0.05 - - 4747 283 254 28.88
a3 3@ chitosan derivatives having different DS.

® Calculated from the arithmetic mean of DS.
°4k™"V, chitosan 3,5-dichlorobenzoates having different DS.

e N
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START

{

INPUT Type of substituents
Elemental analysis

{ Polysaccharide

%E(i)exp=%C, %H, %N, %Cl |

%EE(i)=0.1

L

IF %E(i) exp > 6 THEN %EE(i)=0.2
IF %E(i) exp > 20 THEN %EE(i)=0.3

) FOR x=0 TO x=3

»

). FOR y=0 TO y=3-x
[

—_FOR z=0 TO z=3-x-y

%E(i) calc=F(x, y, )

| DG | %EG)calc - %EGexp | |

OUTPUT
TO FILE
XYz

<Y

STATISTICAL
PROCESS

373

Fig. 2. Flowchart of the program to calculate DS from their elemental analyses. (%E(i )calc: calculated percentage of element i;
%E(i )exp: experimental percentage of element i; %EE(i ): experimental error of element 7 ).

rial, from the treatment previous to the
derivatizing step [18]. The weight of residue
after combustion at 450 °C confirmed the
presence of variable amounts (up to 8% w/w)
of inorganic materials.

Therefore, the direct determination of the
DS based on the percentages of each element
is not possible. However, assuming that these
salts do not contain C, H or N, the ratios of
these elements should be maintained, and ad-
ditional equations can be used for the calcula-
tions. In the case of 3,5-dichlorobenzo-
ylchitosan  (4), [C,H{NO,(C,H;0).(C,H;-
CL,0),(H); _. ], Egs. (5)—(14) can be estab-
lished, where z is the degree of acetylation.

%C =

12- (6 + 2z + 7y) - 100

%N =

%H =

%Cl =

161 +43z+ 174y —z—y

14 - 100
161 +43z+ 174y —z—y

(11 +3z43y—z—y) 100

161 +43z4+ 174y —z —y

35.5-2y - 100
161 + 43z + 174y —z — y

C 6+2:+7y %C-14

N
C 6

I %N-12
+224 7y %C - 35.5

Cl

2y %Cl- 12

()

(6)

(7)

()

©)

(10)
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Y .

9=2_y= /oCl - 14 (a1

N 1 9%N-355

C_ 6+2z+72 _ 7C -1 (12)

H 114+3z43y—z—y %H-12

N_ 1 %N -1 (13)

H 11+324+3y—z—y %H-14

Cl 2y _ %Cl- 1 (13)

H 114+3z4+3y—z—y %H-355

START

INPUT  Type of substituents

Polysaccharide
‘ Elemental analysis

Analogous equations can be obtained when
the presence of 10-undecenoyl groups on the
derivative is taken into account. These equa-
tions were also solved using a computer pro-
gram (Fig. 3) and the calculation method was
applied to all chitosan derivatives prepared.
Although these equations are subject to the
error of both elements involved, the results
correlate with those of '"H NMR (Table 3).

%E(i)exp=%C, %H, %N, %Cl
%E(j)exp=%C, %H, %N, %Cl

%EE(i)=%EE(j)=0.1

IF %E(i)exp > 6 THEN %EE(i)=0.2
IF %E(i)exp > 20 THEN %EE(i)=0.3
IF %E(j)exp > 6 THEN %EE(j)=0.2
IF %E(j)exp > 20 THEN %EE(j)=0.3

%E(i)exp + %EEG)  AM()

R(/j)max=—o/F Nexp - %EE() * “AM()

%E(i)exp - %EEG)  AM()

R(i/j)min=

%E(j)exp + %EE() = AM(i)

) FOR x=0TO x=3

[
A, FOR y=0 TO y=3-x

—»_FOR z=0 TO z=3-x-y

R(i/j)calc=F(x, y, z)

R(i/j)min
<
R(i/j)calc
<
R(i/j)max

OUTPUT
TO FILE
X,Y,2

STATISTICAL
PROCESS

Fig. 3. Flowchart of the program to calculate DS from the ratio of elements. (AM (i ), AM(j ): atomic mass of elements i, j;
Y%E(i )exp, %E(j )exp: experimental percentages of elements i, j; %EE(i ), Y%EE(j): experimental errors of elements i, j;
R(i/j )max, R(i/j )min, R(i/j )calc: element i/element j ratios maximum, minimum, calculated).
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The acetyl content was determined on the
underivatized chitosan, dried under vacuum at
60 °C, using the equations established from
the ratio of elements. A content of inorganic
material, matching with the experimental val-
ues, was established once the DS of chitosan
derivatives was calculated. The total DS of a
derivative is inversely proportional to its con-
tent in inorganic salts. Thus, the higher the
DS, the lower the inorganic content in the
sample. The chelating ability of chitosan [19]
is decreased by derivatization.

3. Experimental

General methods.—'H NMR spectra were
measured using a Varian Gemini-300 spec-
trometer. Samples (15 mg) were dissolved in
99.6% pyridine—ds (0.7 mL). The downfield
peak of the three solvent signals was taken as
the internal standard (0 8.73 ppm). All experi-
ments were carried out at 70 °C. Elemental
analyses were performed in a CE Instruments
apparatus Mod. EA 1108 (Carlo Erba Instru-
ments, Milan, Italy) using standard conditions
by the Serveis Cientifico-Técnics at the Uni-
versity of Barcelona (Spain). The specifica-
tions of the apparatus allow a tolerance of
+ 0.3% for percentages greater than 20%, +
0.2% for percentages ranging from 6 to 20%,
and +0.1% for less than 6%. Four analyses
were carried out on every sample and a stan-
dard of known composition was introduced
systematically from time to time to test the
accuracy of the results. Combustion of sam-
ples for residue weighing was performed in a
Heraeus oven Mod. M — 110 at 450 °C during
12 h with a 1 °C/min gradient.

Preparation of polysaccharide derivatives.—
Cellulose and amylose derivatives were ob-
tained by the successive reaction of cellulose
(Avicel®, E. Merck) or amylose (ICN Bio-
chemicals) with 10-undecenoyl chloride fol-
lowed by the appropriate isocyanate or
benzoyl chloride in pyridine at 115 °C in order
to obtain the corresponding carbamate (la-—
le, 2a, 2b, 2d and 2e) or benzoate (1f-1k, 2j
and 2Kk).

Chitosan (Fluka, low molecular weight)
previously deacetylated or not was used as

starting material for the preparation of deriva-
tives 3 and 4. Deacetylation consisted of treat-
ing commercially available chitosan with 50%
NaOH [20] until absence of amide absorptions
in IR and '"H NMR spectra. The deacetylated
product was purified by dissolution, filtration
and reprecipitation. The precipitate was dis-
persed and washed in MeOH and diethyl ether
[21]. The chitosan was allowed to react succes-
sively with the appropriate isocyanate or ben-
zoyl chloride followed by 10-undecenoyl
chloride in pyridine at 115 °C for 24 h, yield-
ing the corresponding carbamates (3a™, 3b,
3d"" and 3e) and benzoates (3j and 3Kk).
Derivatives 3a' " and 3d" " were analogously
prepared from non-deacetylated chitosan, and
derivatives 4 were obtained similarly with 3,5-
dichlorobenzoyl chloride, but with different
reaction times (4k', 20% Ac, 8 h; 4k™, 0-5%
Ac, 8 h; 4k™, 20% Ac, 16 h; 4k", 0-5% Ac,
16 h).

The resulting polysaccharide derivatives
were isolated as the fraction insoluble in
MeOH. They were redissolved and reprecipi-
tated in MeOH, and thoroughly washed with
MeOH and hot EtOH.

4. Conclusions

Elemental analyses of cellulose, amylose
and chitosan derivatives allows the calculation
of their DS, once the presence of low molecu-
lar weight impurities has been ruled out. 'H
NMR can be used to confirm these calcula-
tions, except when the presence of a particular
substituent is low and outside of the limits of
detection of the technique.
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