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a  b  s  t  r  a  c  t

Cellulose  acylation  by  anhydrides  (ethanoic  to hexanoic)  plus  tosyl  chloride,  TsCl,  or  imidazole  in LiCl/N,N-
dimethylacetamide  solution  has  been  studied.  Contrary  to  a previous  claim,  TsCl  does  not  catalyze
acylation.  For  the diazole-catalyzed  reaction,  N-acylimidazole  is  the  acylating  agent.  Third  order  rate
constants  (k3; 40–70 ◦C)  have  been  calculated  from  conductivity  data  and  split,  by using  information  from
model  compounds,  into  contributions  from  the  primary-  (k3;Prim(OH)) and  secondary-  (k3;Sec(OH))  hydroxyl
eywords:
inetics

midazole-catalyzed homogeneous
cylation
ellulose
nhydrides

groups of cellulose.  Values  of  k3,Prim(OH)/k3,Sec(OH) are  >1, and  increase  linearly  as a  function  of  increasing
the number  of  carbon  atoms  of  the acyl  group.  Rate  constants  and  the  degree  of  biopolymer  substitution
decrease  on  going  from  ethanoic-  to  butanoic-,  then  increase  for  pentanoic-  and  hexanoic  anhydride,
due  to enthalpy/entropy  compensation.  Relative  to  the  uncatalyzed  reaction,  the diazole-mediated  one
is associated  with  smaller  enthalpy-  and  larger  entropy  of  activation,  due  to  difference  of  the  acylating
agent.
. Introduction

Although the acylation of cellulose in LiCl/N,N-
imethylacetamide (DMAC) and in other solvent systems, e.g.,
etraalkylammonium fluoride hydrate/DMSO by carboxylic acid
nhydrides and acyl chlorides is efficiently catalyzed by tertiary
mines, e.g., imidazole, Imz, or 4-(N,N-dimethylamino)pyridine
here is no information on the kinetics and activation parameters of
hese reactions. This information is important per se, and because
t allows calculation of the reaction time under a given set of
xperimental conditions, an important aspect in green chemistry.
dditionally, kinetic data are required in order to compare: (1)
he efficiency of different catalysts for the same derivatizing
gent/solvent; (2) the reactivity of distinct derivatizing agents in
he same solvent; (3) the reactivity of celluloses with different
tructural characteristics, under fixed reaction conditions.

A principle reason for the lack of kinetic studies is that they are
aborious, involving determination of the degree of the biopoly-

er  substitution, DS, as a function of reaction time (t), e.g.,
y saponification and subsequent back titration of the residual
ase. Consequently, the calculation of the observed rate constants,

obs is based on a limited number of data points, e.g., 3–12
Kwatra, Caruthers, & Tao, 1992; Tosh & Saikia, 2000; Tosh,
aikia, & Dass, 2000). Recently, we have shown that conductivity

∗ Corresponding author. Tel.: +55 11 3091 3874; fax: +55 11 3091 3874.
E-mail address: elseoud@iq.usp.br (O.A. El Seoud).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.10.009
© 2012 Elsevier Ltd. All rights reserved.

is a convenient experimental technique for investigating the
kinetics of the uncatalyzed acylation of microcrystalline cellu-
lose, MCC, in LiCl/DMAC (Nawaz, Casarano, & El Seoud, 2012). By
using cyclohexylmethanol (CHM, one primary hydroxyl; Prim(OH))
and trans-1,2-cyclohexanediol (CHD, two  secondary hydroxyls;
Sec(OH)) as models for the C6-OH, and the C2-OH plus C3-OH
groups, respectively of the anhydroglucose unit, AGU, of cellulose,
we were able to split the overall rate constants into contributions
from the distinct hydroxyl groups. The dependence of the rate
constants and DS on the number of carbon atoms of the acyl group,
Nc, has been explained based on the reaction activation parameters
(Nawaz et al., 2012).

We have now extended this study to MCC-catalyzed acyla-
tion in the same solvent system by carboxylic acid anhydrides;
ethanoic-, propanoic-, butanoic-, pentanoic-, and hexanoic anhy-
dride (all normal-chain compounds). It has been claimed that this
reaction is catalyzed by tosyl chloride, TsCl (Tosh and Saikia,
2000; Tosh et al., 2000). The latter reaction however, was not
faster than that its uncatalyzed counterpart! By using 1H NMR, we
have shown that the acetylation reaction is not subject to catal-
ysis due to the (claimed) formation of a reactive intermediate
(mixed carboxylic-sulfonic anhydride, vide infra) which (presum-
ably) reacts with cellulose (Tosh and Saikia, 2000; Tosh et al.,
2000). We  have then studied the imidazole (Imz)-catalyzed acy-

lation. Use of 1H NMR  and FTIR has confirmed the intermediate
formation of N-acylimidazole; a combination of kinetic data and
theoretical calculations has shown that this is the actual acy-
lating agent, in agreement with previous opinions (El Seoud,

dx.doi.org/10.1016/j.carbpol.2012.10.009
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:elseoud@iq.usp.br
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Table 1
Experimental details for the imidazole-catalyzed acylation of hydroxyl-carrying
compounds (ROH).a,b

ROH [ROH]; listed as
mol  L−1 (OH)

Anhydride
concentration; mol  L−1

Imidazole
concentration; mol L−1

CHM 0.0288 0.288 0.576
CHD 0.0576 0.576 1.152
MCC  0.0864 0.864 1.728

a The experiment was  carried out by adding 10 mL  of ROH  in 6% LiCl/DMAC to
5  mL  of a solution of acid anhydride plus imidazole in pure DMAC. The final LiCl
concentration was  4%, or 0.943 mol L−1.

b CHM, CHD, and the AGU of MCC  carry one, two, and three (OH) groups
98 H. Nawaz et al. / Carbohydra

enegheli, Pires, & Kiyan, 1994; Hussain, Liebert, & Heinze,
004).

Rate constants and activation parameters have been calculated
rom the dependence of solution conductivity (�) on reaction time
t) at different temperatures (T). By using information from the
ydroxyl groups of CHM and CHD, we were able to split the over-
ll third-order rate constants (k3) into contributions from both
ypes of hydroxyl groups. Values of k3;Prim(OH)/k3;Sec(OH) were >1,
nd increase linearly as a function of increasing Nc. All parameters
f this reaction, rate constants, activation parameters, DS, show a
onlinear dependence on Nc, namely: a change from ethanoic- to
utanoic anhydride in one direction, followed an opposite change
or pentanoic-, and hexanoic anhydride, vide infra. This is attributed
o subtle and compensating changes of the reaction enthalpy,

H /= , and entropy, �S /= , to the free energy of activation, �G /= .
elative to the uncatalyzed reaction, the rate enhancement is due
o a decrease in �H /= , with concomitant increase in �S /= .

. Experimental

.1. Solvents and reagents

All solvents and reagents were purchased from Alfa Aeser,
erck, or Mensalão Cachoeirense Química and were purified as rec-

mmended elsewhere (Armagero & Chai, 2003). TsCl was purified
y dissolving 10 g in 25 ml  of dry chloroform. The solution was fil-
ered, 125 mL  of dry hexane was added, the solution filtered, and the
olvent evaporated to give a white solid, m.p. 67–68 ◦C; literature
.p. 67–69 ◦C (Hacon et al., 2007). DMAC was purified by distilla-

ion from CaH2. Its purity was established by measuring its density
t 25 ◦C, 0.9372 (DMA 4500D digital densimeter, Anton Paar, Graz)
Lide, 2004). The pH of 20% solution DMAC in water was  equal to
hat of water. The expanded-scale pH paper employed is able to
etect 1.4 × 10−4 mol  L−1 of diethylamine. MCC  (Avicel PH 101) was
btained from FMC, Philadelphia (degree of polymerization by vis-
osity, DPv = 150); (ASTM 2001) index of crystallinity, Ic, by X-ray
iffraction = 0.82 (Buschle-diller & Zeronian, 1992).

.2. Preparation of solution of cellulose in LiCl/DMAC

LiCl was dried at 300 ◦C for 2 h, and then cooled to room temper-
ture under reduced pressure. The electrolyte was quickly weighed
6.0 g; 0.141 mol) in 100 mL  volumetric flask; 80 mL  of dry DMAC
ere added, the flask was closed with a drying tube and sonicated

Laborrette 17, Fritsch, Berlin) until a clear solution was obtained,
a. 3.5 h. The solution volume was completed to the mark with fresh
olvent.

MCC  (2.0 g; 12.3 mmol) and LiCl (6.0 g) were weighed into a
50 mL  three-neck round-bottom flask. The latter was equipped
ith a stopcock, 100 mL  graduated addition funnel (no equilibra-

ion side arm) and a magnetic stirring bar. The flask was  immersed
nto an oil bath, and then connected to a vacuum pump. The pres-
ure was reduced to 2 mmHg, the system was heated to 110 ◦C in
a. 35 min, and then kept under these conditions for (additional)
0 min. The vacuum pump was turned off, the stopcock closed, the
eating bath removed, and 60 mL  of pure DMAC were added drop-
ise. The system was then brought to atmospheric pressure with
ry, oxygen-free nitrogen. The addition funnel was substituted by

 condenser with a drying tube, and the flask was quickly equipped
ith an efficient mechanical stirrer. The temperature was raised

o 150 ◦C in ca. 35 min, and the cellulose slurry was vigorously

tirred for 90 min  (IKA Labortechnik, model RW 20, 500 rpm) at this
bath) temperature. The latter was decreased to 50 ± 5 ◦C in 2 h, and
he slurry was left under these conditions with magnetic stirring
vernight; a clear cellulose solution was obtained. The cellulose
per  molecule, respectively. Therefore the ROH concentrations are listed as moles
of  (OH)/liter. As shown in the second and third columns, the molar ratios
[reagent]/[OH] are 10 and 20 for acid anhydride, and imidazole, respectively.

solution was transferred to 100 mL  volumetric flask, whose vol-
ume  was completed by adding DMAC that has been employed in
washing the walls of the round-bottom flask.

2.3. Kinetics of acylation of the model compounds and cellulose

The progress of the acylation reaction was monitored by fol-
lowing the increase in solution conductivity (�) as a function of
(t), at a constant (T). We  have employed Fisher Accumet AR-50 ion
meter, equipped with Metrohm 6.0910.120 conductivity electrode,
inserted in a home-built double-walled conductivity cell through
which water is circulated from a thermostat, as shown in previ-
ous work (Nawaz et al., 2012). Data acquisition and the solution
temperature were controlled with a PC. Temperature control was
achieved by using a glass-covered PT-100 sensor inserted into the
reaction solution, and attached to the computer via RS-232 serial
port.

The experiments were carried out as follows: 5 mL of pure DMAC
containing the appropriate anhydride were introduced into the
conductivity cell followed by the addition of required amount of
solid Imz. After thermal equilibration, the solution of the com-
pound studied (CHM, CHD, or MCC) in 10 mL  of 6% LiCl/DMAC
was introduced into the conductivity cell. The increase in (�) was
recorded as a function of (t), until its value was  practically constant.
Table 1 shows the reagent concentrations employed, where the
acronym (ROH) is employed to denote any hydroxyl group-carrying
compound (CHM; CHD; MCC).

A home-developed non-linear regression analysis program,
based on Marquardt–Levenberg algorithm (Press, Teukolsky,
Vetterling, & Flannergy, 2007) has been employed for calculat-
ing the values of the observed rate constants (kobs). It relies on
minimizing the sum of the squares of the residuals. The agree-
ment between calculated and experimental “infinity” conductivity
(�∞) was routinely checked. The relative standard deviation in
kobs was  ≤0.5%, that between kobs of triplicate runs was <3%.
The values of (k3) were obtained by dividing the correspond-
ing kobs/[anhydride][imidazole]. The activation parameters were
obtained from the dependence of k3 on T, by using standard equa-
tions (Anslyn & Dougherty, 2006).

2.4. Synthesis and analysis of the acetylation products under the
conditions of the kinetic experiment

The kinetic experiments were repeated on a larger scale (three
fold), as follows: in order to simplify the separation of the acetates
of CHM and CHD we used LiCl suspension in acetonitrile as sol-
vent, instead of DMAC. The solvent, 25 mL  was introduced into

100 mL  three-necked round bottom flask, equipped with a con-
denser and a drying tube. The bath temperature was adjusted
to 60 ◦C, and 8 mL  (84 mmol) of ethanoic anhydride was added,
followed by addition of, 1 g LiCl and 11.76 g (0.172 mol) of Imz;
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he mixture was stirred for 5 min. The required amount of ROH;
.14 mL,  17 mmol  CHM, or 1.07 mL,  8.6 mmol  of CHD was  added,
nd the reaction mixture was stirred for 15 min  at 60 ◦C. After evap-
ration of the solvent, the residue was carefully neutralized with a
old aqueous solution of NaHCO3, and then extracted with 30 mL
f CH2Cl2. The organic layer was washed with cold dilute HCl (in
rder to remove Imz), with water, dried with anhydrous MgSO4,
nd then the solvent was evaporated. The liquid products cyclo-
exymethyl acetate (79% yield) or trans-1,2-cyclohexane diacetate
75% yield) gave IR- (Bruker Vector-22 FTIR spectrophotometer;
eat sample, 32 scans at 0.5 cm−1 digital resolution), and 1H NMR
pectra (Bruker DPX 300 NMR  spectrometer; CDCl3) that agreed
ith the results reported elsewhere;(AIST, 2001; Das, Reddy, &

ehseen, 2006; Khaja & Xue, 2006; Zeynizadeh & Sadighnia, 2010;
eynizadeh & Sadighnia, 2011) see Fig. SM-1 (Fig. 1 of Supplemen-
ary Material) and Table SM-1 (Table 1 of Supplementary Material)
or attribution of the IR and 1H NMR  spectral data of the isolated
roducts.

For MCC, the acylation reaction was carried in LiCl/DMAC solu-
ion, at 60 ◦C, as follows: DMAC, 25 mL,  was introduced into 200 mL
ound-bottom flask, equipped with a condenser and a drying
ube. Ethanoic-, butanoic-, or hexanoic anhydride, was introduced
1.3 mmol; 1.3-, 2.26-, and 3.2 mL,  respectively), followed by addi-
ion of Imz  (1.77 g, 2.6 mmol). A solution of MCC in 6% LiCl/DMAC
as then added (35 mL  containing 0.245 g cellulose, 1.3 mmol/OH);

he mixture was stirred (N2 atmosphere) at 60 ◦C for 35 min. The
esulting cellulose ester was precipitated in ethanol; repeatedly
uspended in the same solvent (3 × 200 mL;  60 ◦C), then filtered,
ashed with water, and dried for 24 h under reduced pressure, over

4O10, at 60 ◦C. DS of the ester was determined by titration (ASTM,
002) DS = 1.93, 1.52, 2.14, for cellulose ethanoate, butanoate, and
exanoate, respectively.

.5. Corroboration of the mechanism of catalysis: detection of the
eactive intermediates formed

1H NMR  (Varian, Gemini-300) and FTIR have been employed in
rder to detect the reactive intermediates, formed by the reaction
etween the anhydride and the catalyst, as follows.

.5.1. 1H NMR
Equal volumes of solutions in DMSO-d6 of acetic anhydride

0.05 mol  L−1) and (0.05 mol  L−1) TsCl were mixed in a glass tube,
gitated (vortex) and quickly transferred to the NMR  tube (Wilmad
35pp). The spectrum of the resulting solution was recorded as a
unction of time. The same experiment was repeated with Imz, by
sing CDCl3 as solvent.

.5.2. FTIR
Equal volumes of solutions in CD3CN of acetic anhydride

0.42 mol  L−1) and Imz  (0.42 mol  L−1) were mixed in a glass tube,
gitated (vortex) and quickly transferred to the IR cell (CaF2). The
pectrum of the resulting solution was recorded as a function of
ime.

. Results and discussion

.1. Acylation by acid anhydrides in the presence of tosyl chloride
r imidazole

Our observation that the acetylation of cellulose in LiCl/DMAC
DP = 900; 0.0864 mol  L−1) in the presence of TsCl (0.308 mol  L−1)

Tosh & Saikia, 2000; Tosh et al., 2000) is not faster than the
ncatalyzed acetylation of MCC  (Nawaz et al., 2012) begs for an
xplanation, even when the difference in DP is taken into account.
ote that the difference in Ic of the two celluloses has no bearing on
mers 92 (2013) 997– 1005 999

the kinetic results because cellulose is decrystallized on dissolution
in LiCl/DMAC (Ramos, Assaf, El Seoud, & Frollini, 2005). The reac-
tion mechanism proposed is shown below (Tosh & Saikia, 2000;
Tosh et al., 2000) (Scheme 1).

This catalysis, if it occurs, rests on the formation of the mixed
anhydride intermediate (structure depicted inside the frame) that
is expected to be more reactive than acid anhydride in the acy-
lation reaction. The formation of this intermediate has not been
documented (Tosh & Saikia, 2000; Tosh et al., 2000) therefore, we
employed 1H NMR  in an attempt to detect its formation; the results
are shown in Fig. 1. Parts (A) and (B) of this figure do not indicate a
reaction between the two reagents, i.e., there is no detectable for-
mation of the expected mixed anhydride. Therefore, the acetylation
is, in fact, not subject to catalysis by TsCl. Note that acetyl tosylate
is a stable compound that can be isolated in pure form (Kenichi,
2003a, 2003b); its formation from Ac2O plus toluene sulfonic acid
has been demonstrated by NMR  (Liu, Liu, Lu, & Cai, 2008).

We decided to investigate the use of Imz. As shown in Scheme 2,
this catalysis, if it occurs, involves the intermediate formation of N-
acyldiazole, RCOImz, and its subsequent reaction with cellulose.
The end products are cellulose carboxylate; carboxylic acid, and
(regenerated) Imz. The latter two products react to form imidaz-
olium carboxylate. Fig. 2 shows the 1H NMR  spectra of the two
authentic reactants, acetic anhydride and Imz, as well as their mix-
ture in CDCl3, after 5 min  of mixing. The formation of CH3COImz and
CH3CO2H is clearly evidenced by the appearance of new singlets at
2.60 and 2.09 ppm, respectively, and by the changes of the chem-
ical shifts of the heterocyclic ring protons, namely: The hydrogen
at positions 4 and 5 of Imz  are no more equivalent; the large shift
(Ha → H′a).

FTIR is a powerful tool in order to show the intermediate forma-
tion of RCOImz. As shown in Fig. SM-2, the characteristic anhydride
�C O “doublet” (due to asymmetric and symmetric stretching vibra-
tions, respectively) at 1821 and 1751 cm−1, are replaced by peaks
at 1737 and 1716 cm−1, due to the formation of N-acetyImz and
acetic acid, respectively. We  then proceeded to determine the rate
constants and activation parameters of the Imz-catalyzed acyla-
tion of cellulose by carboxylic acid anhydrides, from ethanoic- to
hexanoic anhydride in LiCl/DMAC.

3.2. Setup of the kinetic experiment and calculation of the
individual rate constants

Conductivity is a simple and accurate technique to deter-
mine rate constants. Unlike other techniques, e.g., spectroscopy
and chromatography, the change in conductivity is only indi-
rectly linked to the reaction. Therefore, we have carried out
specific experiments; see Section 2, in order to show that the
expected reaction products (esters) of CHM, CHD, and MCC are
obtained under the conditions of the kinetic runs. That is, the
reaction that is been followed by conductivity is Imz-catalyzed
acylation.

The advantage of carrying out kinetic experiments under first-
order conditions is that the concentration of the species that is
being followed, reactant or product, need not be known. That is,
any property that changes proportionally to the progress of the
reaction (conductivity, absorption, pH, etc.) can be employed in
order to calculate the value of the observed rate constant, kobs. The
(large) molar ratios anhydride/cellulose and Imz/cellulose shown
in Table 1 indicate that the acylation reactions have been carried
out under pseudo-first order conditions. This is corroborated by
the straight lines shown in Fig. SM-3. Values of the third order rate

constants, k3, and the activation parameters are calculated from
kobs as given in Section 2.

For MCC, k3 refers to the sum of the reactions of one pri-
mary hydroxyl-, Prim(OH), plus two secondary hydroxyl groups,
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cheme 1. Suggested mechanism for the catalytic effect of TsCl on the acylation by 

nd  Saikia, 2000; Tosh et al., 2000).

ec(OH). If the latter hydroxyls are considered equivalent in reac-
ivity (Kwatra et al., 1992; Malm,  Tanghe, Laird, & Smith, 1953; Tosh
t al., 2000) then:

3 = k3; Prime(OH) + 2k3; sec(OH) (1)

Any meaningful discussion of the data requires that these con-
ributions are separated. In order to solve this problem, we have
mployed CHM as a model for C6-OH, and CHD as a model for C2-
H plus C3-OH of the AGU. With this proviso, the rate constants
nd the activation parameters of the two types of (OH) groups of
CC  have been calculated as a function of Nc. Table 2 shows the

verall- and partial k3 for MCC, along with the corresponding acti-
ation parameters. As given in Section 2, all parameters have been
alculated for a single hydroxyl group.

◦
The reaction of the model compounds was studied at 50 C.
he values of k3 for ethanoic-, propanoic-, butanoic-, pentanoic-,
nd hexanoic anhydride, respectively are: 3.382-; 3.036-; 2.809-

 3.283-; and 3.389 × 10−2 M−2 s−1 for (CHM); and 1.876-; 1.619-;
.463-; 1.660; and 1.668 × 10−2 M−2 s−1 for (CHD). As will be shown
elow, the ratios (k3;CHM/k3;CHD) were then corrected.
hydrides. The structure inside the frame is that of the expected intermediate (Tosh

Considering these data, the following is relevant:

(i) As shown in Scheme 2, one mol  of acetic anhdydride reacts
with 2 mol  of Imz  to produce one mol  of N-acetylImz plus one
mol  of imidazolium acetate. That N-acylimidazole is the actual
acylating agent can be shown by several pieces of evidence:
- Values of k3 have been calculated for the reaction of

CHM (50 ◦C) with: a mixture of 20 mmol acetic anhydride
plus 40 mmol  Imz; 20 mmol  authentic N-acetylimidazole;
20 mmol  authentic N-acetylImz in the presence of 20 mmol
authentic imidazolium acetate. All rate constants were
found to be practically the same, 2.170-; 2.015-; and
1.997 × 10−2 M−2 s−1, respectively. This result also shows
that the imidazolium acetate formed in the reaction has no
(acid–base) catalytic effect.

- Our theoretical calculations have shown that the reaction
with RCOImz is more favorable than that with the precursor

(RCO)2O. Thus the partial positive charge on the acyl-carbon
of CH3COImz (0.293 a.u.) is larger than that on the corre-
sponding group of acetic anhydride (0.235 a.u.). Additionally,
molecular dynamics simulations were performed on mixtures
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ig. 1. Part (A) shows superimposed 1H NMR  spectra of authentic samples of acetic
ydrogens indicated. Part (B) shows the spectra of a mixture (in the same solvent) o

containing DMAC and CHM with: Acetic anhydride, or N-

acetylImz; see Fig. SM-4. The relevant information obtained is
that the complex CHD/CH3COImz remains more time in con-
tact. According to the “spatio-temporal” postulate, molecules
will react if they stay at a critical distance for a certain length of

(

cheme 2. A complete reaction mechanism for the imidazole-catalyzed acylation of cellul
ollowed by its reaction with cellulose to produce cellulose ester, plus imidazolium carbo
dride (lower curve) and tosyl chloride (upper curve) in DMSO-d6 with the discrete
ic anhydride (0.05 mol L−1) and tosyl chloride (0.05 mol  L−1) as a function of time.

time (Menger, 1985). As Fig. SM-4 shows, these criteria apply

to the Imz-calayzed reaction.

ii) As given above, the ratios between the reactivities of the model
compounds have been employed in order to split the overall
k3 of MCC  into contributions from the primary and secondary

ose. The reaction sequence involves the intermediate formation of N-acylimidazole,
xylate.
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ig. 2. 1H NMR  spectra in CDCl3 of authentic samples of imidazole (0.05 mol  L−1; up
eactants  after 5 min  of mixing, lower plot. The discrete hydrogens are labeled.

hydroxyl groups. The reaction of the model compounds with
each anhydride in the presence of imidazole shows that the ratio
(k3; Prim(OH);CHM/k3;Sec(OH);CHD) > 1. To our knowledge, this is the
first time that these ratios have been experimentally deter-
mined for the catalyzed acylation reaction under homogeneous
conditions. The results show that the reactivity ratios increase
as a function of increasing Nc, according to the following equa-
tion (r = correlation coefficient; SD = standard deviation):

k3; Prim(OH); CHM = 1.697 + 0.056Nc; r = 0.997; SD = 0.007

k3,Sec(OH); CHD

(2)

Therefore, the outcome of the reaction, in terms of DS at C6- and
C2 plus C3 depends on the derivatizing agent; the preference for

able 2
hird order rate constants and activation parameters calculated for the imidazole-catalyz

Temperature 

40 ◦C 50 ◦C 60 ◦C 70 ◦C 

MCC; 103 × (overall k3), mol−2 s−1

Ethnanoic 3.395 4.560 5.934 7.510 

Propanoic 2.466 3.365 4.570 5.740 

Butanoic 1.865 2.530 3.540 4.620 

Pentanoic 3.105 4.125 5.290 6.465 

Hexanoic 3.650 4.645 5.710 6.870 

MCC; 103 × k3;Prim(OH), mol−2 s−1,d

Ethnanoic 2.778 3.731 4.857 6.146 

Propanoic 2.032 2.773 3.766 4.731 

Butanoic 1.543 2.093 2.929 3.823 

Pentanoic 2.582 3.430 4.399 5.378 

Hexanoic 3.049 3.880 4.770 5.740 

MCC; 103 × k3;Sec(OH), mol−2 s−1,d

Ethnanoic 0.308 0.414 0.538 0.682 

Propanoic 0.216 0.295 0.401 0.504 

Butanoic 0.160 0.218 0.305 0.398 

Pentanoic 0.261 0.347 0.445 0.543 

Hexanoic 0.300 0.382 0.469 0.565 

a All rate constants and activation parameters were calculated/one hydroxyl group.
b The activation parameters were calculated for the reaction at 70 ◦C. The uncertai

.2  cal K−1 mol−1 (�S /= ).
c The numbers within parenthesis refer to (activation parameter Imz-catalyzed reactio
d The individual rate constants were calculated by splitting values of the overall k3 b
ropanoic-, butanoic-, pentanoic and hexanoic anhydride, respectively.
lot); acetic anhydride (0.05 mol L−1; middle plot) and an equimolar mixture of both

the C6 position increases as a function of increasing the molecular
volume of the acylating reagent. This agrees with the known fact
that it is possible to functionalize cellulose almost exclusively at
the C6 position by voluminous reagents, e.g., trityl compounds
(Kondo, 1993).

iii) The reactivity ratios k3;Prim(OH); CHM/k3;Sec(OH); CHD (1.802, 1.875,
1.920, 1.977, 2.031) for Nc = 2, 3, 4, 5, 6, respectively) are smaller
than the corresponding ones for the heterogeneous reactions of
cellulose. These include acetylation (ratio = 4 ± 1) (Malm et al.,
1953), acylation by palmitoyl chloride under reduced pressure

(theoretically calculated ratio = 5); (Kwatra et al., 1992) tosyla-
tion by tosyl chloride in pyridine (ratio = 5.8) (Heuser, Heath,
& Shockley, 1950), and etherification by the severely sterically
crowded tris(p-tolyl)chloromethane (ratio = 4.3) (Jain, Agnish,

ed acylation of microcrystalline cellulose, MCC  in 4% LiCl/DMAC, at 70 ◦C.a,b

Anhydride

�H /= , kcal mol−1,c T�S /= , kcal mol−1,c �G /= , kcal mol−1,c

4.97 (−0.8) −18.53 (2.03) 23.50 (−2.83)
5.39 (−1.15) −18.28 (1.57) 23.67 (−2.72)
5.84 (−1.21) −17.98 (1.46) 23.82 (−2.67)
4.55 (−1.54) −19.04 (1.06) 23.59 (−2.60)
3.81 (−2.21) −19.74 (0.54) 23.55 (−2.75)

4.97 (−0.7) −18.93 (1.98) 23.90 (−2.68)
5.39 (−1.06) −18.68 (1.51) 24.07 (−2.57)
5.84 (−1.11) −18.38 (1.33) 24.22 (−2.44)
4.55 (−1.65) −19.44 (0.89) 23.99 (−2.54)
3.81 (−2.11) −20.15 (0.36) 23.96 (−2.47)

4.97 (−0.71) −20.45 (1.75) 25.42 (−2.46)
5.39 (−1.05) −20.23 (1.31) 25.62 (−2.36)
5.84 (−1.11) −19.94 (1.13) 25.78 (−2.24)
4.55 (−1.78) −21.03 (0.65) 25.58 (−2.43)
3.81 (−2.11) −21.76 (0.31) 25.57 (−2.42)

nties in the activation parameters are ±0.05 kcal mol−1 (�H /= , and �G /= ) and

n – uncatalyzed reaction).
y the following reactivity ratios: 9.010, 9.375, 9.600, 9.885, 10.155, for ethanoic-,
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Fig. 3. Dependence of the degree of substitution of cellulose esters, DS, on the num-
ber  of carbon atoms of the acyl group of RCOImz or (RCO)2O, Nc, whose value is
shown in the insert. The results, from left to right refer to: Acylation by RCOImz in
LiCl/DMAC (present work); uncatalyzed acylation by (RCO)2O, conventional heating
i
i
2

(

enthalpy may  be traced to the above-mentioned higher elec-

F
k
(

n  LiCl/DMAC (Nawaz et al., 2012); acylation by (RCO)2O, microwave heating in the
onic liquid in 3-allyl-1-methylimidazolium chloride (Possidonio, Fidale, & El Seoud,
010).

Lal, & Bhatnagar, 1985). A possible reason for the smaller
ratios is that the acylation of CHM and CHD has been car-
ried out under homogenous conditions, where the hydroxyl
groups are completely accessible. As discussed elsewhere; this

is not the case for the OH groups of cellulose that is usually not
present in molecular (i.e., non-aggregated) form (El Seoud &
Heinze, 2005; Ramos, Morgado, El Seoud, da Silva, & Frollini,
2011). This difference in accessibility should result in larger

ig. 4. Imz-catalyzed acylation of MCC; all plots are for the dependence on the numbe
3;Prim(OH) and k3;Sec(OH); part (C) the activation parameters. For ease of visualization, the d
103 × k3;Prim (OH)), ((103 × k3;Sec(OH)) + 1); part (C), (T�S /= + 27) and (�G /= − 17).
mers 92 (2013) 997– 1005 1003

k3;Prim(OH),MCC/k3;Sec(OH),MCC, as compared with the correspond-
ing ratios of the model compounds.

In order to address this point, we  have calculated our data
for MCC  by multiplying k3;Prim(OH);CHM/k3;Sec(OH);CHD by 5, the
average value indicated above. These new ratios (9.010, 9.375,
9.600, 9.885, 10.155, for Nc = 2, 3, 4, 5, 6, respectively) were then
employed in order to split the overall k3 into contributions from
the primary and secondary hydroxyl groups of MCC, resulting
in the values reported in Table 1.

We have employed another approach in order to esti-
mate the correction of k3;Prim(OH);CHM/k3;Sec(OH);CHD, based
on the (theoretically calculated) volumes of the acylat-
ing agent, RCOImz: except for ethanoic anhydride- whose
k3,;Prim(OH);CHM/k3;Sec(OH);CHD was maintained (1.802)- we mul-
tiplied each of the remaining rate constant ratios by the
corresponding volume ratio (VRCOImz/VCH3COImz), resulting the
corrected values of (2.102, 2.390, 2.850, 3.048), for Nc = 3, 4, 5,
6, respectively; the results listed in Table SM-3. As expected,
the values of �H /= are the same; the values of T�S /= , hence of
�G /= differ from those of Table 1 by ≤0.1 kcal/mol. That is, the
procedure employed for splitting k3 into its components bears
little on the activation parameters, hence on the conclusions
drawn.

iv) The values within parenthesis in the last three columns of
Table 1 show the reason for the observed catalysis. For all
anhydrides studied, as compared with the uncatalyzed reaction,
imidazole catalysis results in smaller enthalpy, and larger (i.e.,
less negative) entropy of activation. The reason of the smaller
trophilic character of the acyl-carbon of RCOImz. The larger
entropy of activation maybe attributed to the smaller volume
of the acylating agent, RCOImz, as compared with the bulky

r of carbon atoms of the acyl group of RCOImz, Nc: part (A); DS and k3; part (B)
ata have been plotted with the following modifications: part (A) (103 × k3); part (B)
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anhydride, see Eq. (3)

VR(CO)Imz = 1.142 + 0.324V(RCO)2O r = 0.994 SD = 0.0626

(3)

v) An important objective of the present study is to determine
the dependence of the results on Nc. Consider first the values
of DS shown in Fig. 3. This contains data of the Imz-catalyzed
reaction; and of the corresponding uncatalyzed acylation by
carboxylic acid anhydrides, by using conventional- (i.e., by con-
vection) or microwave heating. In all cases, the values of DS
decrease on going from ethanoic- to butanoic-, then increase on
going to hexanoic anhydride. Therefore, this behavior seems to
be general, at least for acylation, independent of nature of acy-
lating agent ((RCO)2O or RCOImz), the method of heating; the
solvent (electrolyte/dipolar aprotic or IL) (Koehler et al., 2007),
or the type of cellulose (MCC or fibrous).

The reason for this dependence is shown in Fig. 4. Parts (A) and
B) show that there is a clear parallelism between the depend-
nce on Nc of either DS, or the overall/individual rate constants.
his is due to the enthalpy/entropy compensations that are clear in
art (C). As an example, consider the results for k3. On going from
thanoic- to butanoic anhydride the (unfavorable) change in |�H /= |
s 0.87 kcal/mol, whereas the (favorable) change in the |T�S /= |
erm is 0.55 kcal/mol. The corresponding changes on going from
utanoic- to hexanoic anhydride are 2.03 and 1.76 kcal/mol for
favorable) |�H /= | and (unfavorable) |T�S /= |, respectively. There-
ore, the dependence of the rate constants, hence DS on Nc is
omplex due to subtle changes in the activation parameters, with
he change in enthalpy dominating.

Although the variations in the activation parameters are admit-
edly small, they point out to a trend. The increase in �H /= on
oing from N-acetyl- to N-butanoylimidazole may  be related to
he decrease in the electrophilicity of the acyl group. The sub-
equent decrease in �H /= (N-butanoyl- to N-hexanoylimidazole)
ay  be related to favorable hydrophobic interactions between

he carbon chains of the N-acylimidazole and cellulosic surface,
hose lipophilicity has increased, due to its partial acylation. The

mportance of hydrophobic interactions in cellulose chemistry has
een recently advanced in order to explain some aspects of cellu-

ose dissolution (Lindman, Karlström, & Stigsson, 2010; Medronho,
omano, Miguel, Stigsson, & Lindman, 2012), as well as its inter-
ctions with ionic liquids (Liu, Sale, Holmes, Simmons, & Singh,
010). These cancelation effects lead to the subtle, but persistent
ariations of �G /= as a function of increasing Nc.

. Conclusions

Esterification of cellulose by carboxylic acid anhydrides is effi-
iently catalyzed by imidazole. Spectroscopic data (1H NMR; FTIR)
nd the results of theoretical calculations clearly show that the acy-
ating agent is N-acylimizale. The esterification reaction, however,
s not subject to catalysis by TsCl. Conductivity is a convenient tech-
ique in order to study the kinetics of cellulose derivatization. The
se of the model compounds CHM and CHD permits dividing the
verall rate constants of cellulose catalyzed acylation into individ-
al contributions from the primary and secondary hydroxyl groups
f the AGU; the former is more reactive for all N-acylimidazoles; the
electivity for C6-OH increases as a function of increasing Nc. Unlike
he biopolymer, the hydroxyl groups of the model compounds
re readily accessible. More realistic (k3,Prim(OH),MCC/k3,Sec(OH),MCC)

an be obtained, however, by simple corrections; the conclusions
re practically independent of the correction approach employed.
he kinetic results are satisfying because they show a parallelism
etween the effect of Nc on either the rate constants or the DS of
mers 92 (2013) 997– 1005

esters synthesized. The nonlinear dependence of DS on Nc appears
to be general, independent of the nature of the acylating agent;
the solvent employed; the type of cellulose, or the method of heat-
ing. In case of LiCl/DMAC, it is attributed to subtle, complex and
compensating changes of the activation enthalpy and entropy.

5. Calculations

5.1. Theoretical calculations

5.1.1. Quantum mechanics calculations
For the calculation of the atomic charges, molar volumes and

creation of the input for molecular dynamics, MD, simulations,
all molecules have their geometries optimized (gas phase) by
using DFT calculation, by employing B3LYP density functional
and 6–311 + g(d,p) basis set. To calculate the atomic charges, the
(geometry optimized) ethanoic anhydride and N-acetylimidazole
were solvated in DMAC by using the Polarizable Continuum Model
(PCM) and their geometries were re-optimized. Mulliken popula-
tion analysis was employed in order to calculate atomic charges.
The numbering and optimized geometries are shown in Fig. SM-5;
the atomic charges are shown in Table SM-3.

The molar volumes of the N-acylimidazoles after their geome-
tries have been optimized in gas phase are shown in Table SM-4.

All calculations were done using Gaussian 09 rev. A.02 program
package (Frisch et al., 2009).

5.1.2. Molecular dynamics simulations
Gromacs 4.0.7 software package has been employed for all

MD simulations (Van Der et al., 2005). Two  systems were simu-
lated, each of them containing 250 DMAC molecules; 25 molecules
of CHD, and either 100 molecules of ethanoic anhydride or N-
acetylimidazole. The simulation was performed at 300 K, for 30 ns
by using OPLS force field, isothermal-isobaric (NPT) ensemble,
periodic boundaries and the smooth particle-mesh Ewald (PME)
algorithm for long-range electrostatic interactions (Jorgensen,
Maxwell, & Tirado-Rives, 1996). Equilibration of the ensemble
was checked by monitoring the potential energy and density.
The optimized geometry of CHD; ethanoic anhydride; and N-
acetylimidazole were calculated as previously described in Section
5.1.1. OPLS-optimized DMAC geometry and topology was taken
from literature (Caleman et al., 2012; Jorgensen & Tirado-Rives,
2005). The partial charges on the atoms were calculated by using
the AM1  wave function via the CM1A approach (Storer, Giesen,
Cramer, & Truhlar, 1995), as implemented in the AMSOL 7.1 pro-
gram (Jorgensen, 1986; Kaminski & Jorgensen, 1998). A sub-routine
implemented in the Gromacs program has been employed for cal-
culating the number of molecules that remain in contact as a
function of time (in ps). This refers to molecules that remain within
0.56 nm;  the distance from (highly energetic) zero separation to the
end of the first solvation shell, i.e., the end of the first peak in the
radial distribution function between the (O) of CHD and the acyl
carbonyl carbon of either (CH3CO)2O, or N-CH3COImz.
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