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Abstract

Grafting various groups onto cellulose is found to substantially increase acid hydrolysis of the B-(1,4)-glycosidic linkages. Molecular mod-
eling is used to explain how various substituents such as esters and ethers cause this phenomenon. A substituent helps stabilize hydrolyzed cel-
Iulose by serving as an anchor to the end of the cleaved cellulose to which it is bonded, making it less mobile, and allowing it to have stronger
interactions than those in pure hydrolyzed cellulose. Hydrolysis increases with increasing size of the substituent. Molecules sorbed but not
grafted to cellulose do not increase hydrolysis. Hydrolysis mainly occurs at glucoses bonded to the substituent, and supporting experiments
show that hydrolysis approaches equilibrium when no substituent remains on the cellulose fiber.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Cellulose is one of the most abundant polymers in the world,
and hydrolysis of the B-(1,4)-glycosidic linkages is an impor-
tant reaction. It leads to dramatic strength loss of cellulosic
material, and therefore resistance to hydrolysis is important
for cellulosic materials requiring good strength such as con-
struction materials and packaging. The resistance of cellulose
to hydrolysis is also important for textiles, composites, and
paper since there is great interest in using cellulose fibers
from agricultural byproducts for these materials [1—4]. On
the other hand, hydrolysis of the glycosidic linkages is impor-
tant for the conversion of cellulose to glucose that is used in
fermentation to produce ethanol and other alcohols, acids,
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ketones, and many other “‘green” chemicals. However, the
percent conversion of cellulose to glucose is very low [5].
Acid and thermal energy increase hydrolysis of the glyco-
sidic linkage. Substitution of the hydroxyl groups on cellulose
also has resulted in greater hydrolysis compared to non-
substituted cellulose [6—9]. It is therefore important to con-
sider hydrolysis in applications that involve grafting groups
onto cellulose such as the production of cellulose acetate, car-
boxymethyl cellulose, and other cellulose derivatives. Grafting
of the reactive dyes C.I. Reactive Blue 19 (Blue 19), C.I
Reactive Black 5, or C.I. Reactive Red 120 onto cellulose in
cotton fabric have been found to increase acid hydrolysis of
cellulose after it undergoes a commercial laundering process,
which includes alkaline suds steps with each followed by
a rinse, a weak acidic bath at pH 4.0—4.5, and a pressing
step at 154 °C. Approaching hydrolysis equilibrium, the DP
of the cellulose bonded to Blue 19 was only 31% of the
non-substituted cellulose DP. Cellulose with C.I. Direct Red
80 sorbed onto the fiber without substitution has not shown
greater hydrolysis than non-substituted cellulose [9]. Cellulose
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sulfite and cellulose sulfate in wood pulp have been observed
to have rates of hydrolysis that are twice that of non-
substituted cellulose in cotton linters [8]. Increased hydrolysis
at pH 1.2 and 80 °C has been seen in cellulose with the
aldehyde group grafted onto cellulose. After accelerated
aging, the DP of the aldehydocellulose was only 5.5% of the
non-substituted cellulose DP [7]. The rate constant for hydro-
lysis of carboxymethyl cellulose in 2.5 M HCI at 60 °C has
been found to increase from 1 to 9 min~' along with an in-
crease in the extent of hydrolysis as the degree of substitution
increases. Approaching hydrolysis equilibrium, the DP of the
carboxymethyl cellulose with the greatest degree of substitu-
tion was only 45% of the non-substituted cellulose DP [6].

It is thought that a substituent on the glucose residual on the
reducing end side increases acid hydrolysis of the glycosidic
linkage by inducing the transfer of electrons from the first car-
bon in the glucose residual on the non-reducing end side to the
oxygen in the glycosidic linkage [6,8,9]. This theory comes
from the fact that in the second step of acid hydrolysis of cel-
lulose, an electron is transferred from the first carbon in the
glucose residual on the non-reducing end side to the oxygen
in the glycosidic linkage [10]. However, this inductive effect
decreases with increasing distance from the electron with-
drawing group and charged center, and in the case of cellulose,
the substituent is three to four sigma bonds away from the
nearest glycosidic linkage.

Given the limited literature explaining why a substituent on
cellulose increases acid hydrolysis of the glycosidic linkage,
this phenomenon is not fully understood. To further our under-
standing, one objective of this current study was to explain
why a substituent increases acid hydrolysis of the B-(1,4)-
glycosidic linkage. Another goal was to find if this phenome-
non can be studied using molecular modeling because to the
best of our knowledge, it has not been used to study this topic.

2. Experimental
2.1. Molecular modeling simulations

The molecular modeling software used for this study was
MS Modeling 3.0, available from Accelrys [11]. The method-
ology used in our earlier study for the hydrolysis of PLA was
used to model the hydrolysis of the glycosidic linkages of cel-
lulose [12]. Using the Amorphous Cell module of MS Model-
ing 3.0, an amorphous unit cell was generated that modeled
a unit volume of amorphous cellulose. Because of computing
limitations, the amorphous unit cell was created as five cellu-
lose molecules with 20 cellobiose units per molecule at a den-
sity of 1.31 g/lem®. This amorphous density of cellulose was
based on an overall cellulose fiber density of 1.50 g/cm’,
a crystalline density of 1.58 g/cm®, and a crystallinity of
70% [13—15].

The effect of a substituent on hydrolysis of the B-(1,4)-gly-
cosidic linkage of cellulose was studied for various substituents
such as the carboxymethyl (OCH,COOH), mono-substituted
acetyl (OCOCH3), and tri-substituted acetyl groups. C.I. Reac-
tive Blue 19 (Blue 19), which has an anthraquinone parent

structure and bonds to cellulose by an ether linkage, was an-
other substituent selected for this study since experimental
data are available for hydrolysis of cellulose bonded to this
molecule. Other substituents included various quaternary
ammonium compounds based on OCH,CHOHCH,N(CH3),X,
which we refer to as X quat where X is CH3, CH,OH, C,gH3,
CH,(OCH,CH,)cOH, or C¢Hs. One substituent molecule was
grafted to one cellulose molecule in the structure by an ether
linkage at the sixth carbon position of the number 20 glucose
residual, which is a non-reducing end side glucose. To
model the effect of a non-bonded molecule, C.I. Reactive
Blue 19 was placed in the cellulose structure at the same
position as the grafted Blue 19 but without a covalent bond
with cellulose.

For hydrolysis of each structure, we cleaved the glycosidic
linkage between the number 20 and 21 glucose residual of
the cellulose molecule containing the substituent to form two
cleaved segments of identical DP. These two segments were
separated by translation and rotation of the non-reducing end
segment such that the distance between their end hydroxyl
groups was greater than 10 A because this was the non-bonded
cut-off. The non-bonded cut-off is the distance between any
two atoms beyond which their van der Waals interactions are
neglected. The non-bonded cut-off was set at 10 A since this
is within half of the unit cell length of 34.51 A. This cut-off
is conventionally used in molecular modeling of macromole-
cules [16,17]. To calculate the total electrostatic interactions,
the cell multipole method was used, which calculates the elec-
trostatic interactions between groups of atoms that are grouped
based on their location in the unit cell. With this method, each
atom was regrouped when its position in the cell moved by
more than 1 A.

To minimize the energy of the cellulose structures, molec-
ular dynamics simulations and energy minimizations were run
using the Amorphous Cell and Discover modules of MS Mod-
eling 3.0. The polymer consistent force field (PCFF) was the
set of parameters used by these modules to calculate the poten-
tial energy of the cellulose structures. The PCFF was chosen
since it is accurate for modeling polymers, and partial charges
were assigned to each atom according to this force field [18—
20]. During each run, the “check for ring catenations’ option
was used in Amorphous Cell so that a bond or a glucose ring
would not penetrate the interior of another glucose ring. Be-
ginning with each unhydrolyzed cellulose structure, an energy
minimization was first performed using the conjugate gradient
method with convergence criteria of 0.1 kcal/mol per A A
molecular dynamics (MD) simulation was then performed
on this structure using a constant volume/constant temperature
ensemble at 373 K. This temperature was selected because hy-
drolysis of Blue 19-substituted cellulose and pure cellulose has
been observed after commercial laundering, and Yang and
Hughes have stated that the hydrolysis mainly occurred during
the pressing step in which the temperature of the cellulose was
373 K [9]. The MD simulation was performed for 500,000
steps with a time step of 107" s and with an equilibration
time of 500 x 10~ '%s. The final snapshot of the MD simula-
tion was selected for the next energy minimization because
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at this point in the MD simulation, the potential energy oscil-
lated within £125 kcal/mol. An energy minimization was
then performed on this structure using the conjugate gradient
method and convergence criteria of 0.1 kcal/mol per A. After
the energy minimization of each unhydrolyzed cellulose struc-
ture, the cellulose was cleaved as described above to create the
hydrolyzed cellulose structures. After separating the cleaved
segments, an energy minimization, MD simulation, and an-
other energy minimization were performed using the same
simulation conditions specified for the unhydrolyzed cellu-
loses. For each condition, MD simulations/energy minimiza-
tions were performed five times for the unhydrolyzed and
hydrolyzed structures of the substituted cellulose and pure
cellulose. This many simulations were required to ensure
that the conformations of the cellulose structures were energy
minimized to the extent that the differences between the ener-
gies of the hydrolyzed and unhydrolyzed structures did not
change by more than 5% after repeated simulations.

Mechanical agitation of the cellulose fiber was not consid-
ered in the molecular modeling because when mechanical
agitation results in breakage of fiber, it is mainly due to the
polymer chains slipping past each other without breakage of
covalent bonds [21].

2.2. Analysis of molecular modeling data

The change in potential energy for hydrolysis was used to
evaluate how readily the substituted cellulose and pure cellu-
lose undergo hydrolysis. The change in potential energy for
hydrolysis was calculated according to Eq. (1).

AU = Uhyd - Uunhyd - Uw (1)

In Eq. (1), AU is the change in potential energy for the acid
hydrolysis of cellulose. Uynnya is the potential energy of the
cellulose structure before hydrolysis, Upyq is its potential
energy after hydrolysis, and U,, is the potential energy of
one water molecule isolated from the system. The potential
energy values were obtained from the molecular modeling
simulations.

To explain the effect of the size of the substituent on the
AU, the total volume that each substituent occupies in the en-
ergy minimized cellulose structures was obtained after hydro-
lysis. This total volume is defined as the van der Waals volume
of the substituent plus the surrounding empty volume that can-
not be occupied by other molecules in the energy minimized
system. To calculate the volume of a substituent, we took
the substituent from the hydrolyzed cellulose structure and
broke up the substituent into parts such that each part can fit
inside a separate rectangular box, which is the smallest box
that can contain all the atoms of that part of the substituent.
The volumes of the boxes were summed to obtain the volume
of the substituent. A rectangular box was the geometry used to
measure the volume since it was the only geometry available
with the molecular modeling software.

To evaluate how the interactions between each substituent
and cellulose affect the hydrolysis of cellulose, their interac-
tion energy was calculated according to Eq. (2).

Usubslituemfcellulose = Ugystem — Usystcm/substituem - Usyslem/cellulose

)

In Eq. (2), Usupstituent—celtulose 18 the potential energy of the in-
teraction between the substituent and the five cellulose mole-
cules in the system. Ugyqem 18 the potential energy of the entire
system. Usysiem/substituent 15 the potential energy of the system
with the substituent deleted. Usygiem/celiuiose 15 the energy of
the system with the five celluloses deleted.

To evaluate how the interactions between the cellulose
molecules are affected by each substituent, the energy of the
cellulose—cellulose interaction was calculated according to
Eq. (3).

Ucellulosefcellulose - system/substituent UEcelluloses (3)
In Eq. (3), Ucelulose—cellulose 1S the potential energy of the inter-
actions between the five cellulose molecules. Usceltuloses 1S the
sum of the potential energies of each cellulose molecule iso-
lated from the system.

To evaluate the mobility of the glucose residuals bonded to
the substituent after cleavage, the mean square displacement
(MSD) of those glucose residuals was obtained by running
MD simulations for 100,000 x 10~'* s at 100 °C.

2.3. Validation of molecular modeling

Since experimental data for the hydrolysis of pure cellulose
and cellulose bonded to C.I. Reactive Blue 19 were available,
these data were used to evaluate if the molecular modeling
results were reasonable [9,22]. The DP of the Blue 19-
substituted cellulose and pure cellulose were experimentally
obtained after a certain number of commercial laundering
cycles for the cellulosic fabric as listed in Table 1. Since
data at the hydrolysis reaction equilibrium were not available,
Eq. (4) was used to obtain the DP as hydrolysis approaches
equilibrium. This empirical equation was chosen since it
has been found to fit data for acid hydrolysis of cellulose con-
sisting of crystalline and amorphous regions [23]. The Blue
19-substituted cellulose data had an R’ of 0.993, and the
pure cellulose data had an R? of 0.999.

Table 1
DP of non-substituted cellulose and Blue 19-substituted cellulose after certain
numbers of commercial laundering cycles [22]

Commercial K/S Non-substituted Blue 19-substituted
laundering cycles cellulose DP cellulose DP

0 6.48 1876 1799

5 5.71 1662 1562

20 4.45 1452 1094

50 2.47 1311 951

Blue 19 is C.I. Reactive Blue 19.
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Table 2

6467

Calculated potential energies before (Uynnya) and after hydrolysis (Upyq), the change in potential energy for hydrolysis (AU ) for the van der Waals forces (AU,qw),
for the electrostatic forces (AUejectrostatic) and for the cellulose—cellulose interactions (AU equlose—cellulose)s and the potential energy of the substituent—cellulose
interactions before (Usubslilucm—ccllulosc, unhyd) and after hydTOIYSiS (Uaubsliluclll—ccllulosc‘ hyd)

Substituent Uunhya, keal/mol Uhya, keal/mol AU, kcal/mol AU, aqw, kcal/mol
C;gH37 Quat 400 290 —110 -35
CH,(OCH,CH,)6OH Quat 449 344 —105 —28
Blue 19 416 340 —76 -21
CgHs Quat 473 413 —60 —18
CH,OH Quat 412 358 —54 —13
CH; Quat 459 408 —51 —11
Tri-substituted acetyl 409 364 —45 -9
Carboxymethyl 443 406 —37 -8
Mono-substituted acetyl 471 441 -30 —1
N-B Blue 19 425 449 24 25
None 495 520 25 29
Substituent AU.jectrostatics AU celtulose—celluloses Usubstituent—cellulose, unhyd» Usubstituent—cellulose, hyds
kcal/mol kcal/mol kcal/mol kcal/mol
Cy3H37 Quat -7 —241 —125 —126
CH,(OCH,CH,)6OH Quat =5 —235 —120 —121
Blue 19 -1 —198 —111 —110
CgHs Quat -5 —188 -90 —-91
CH,OH Quat —4 —187 —83 —84
CH; Quat -5 —181 —78 =77
Tri-substituted acetyl —6 —170 —56 -55
Carboxymethyl -5 —158 —48 —49
Mono-substituted acetyl -9 —154 -34 -33
N-B Blue 19 —4 —103 -90 —-91
None -3 —107 N/A N/A

Each value is for cellulose bonded to various substituents, cellulose with non-bonded C.I. Reactive Blue 19 (N-B Blue 19), and pure cellulose (None). X Quat is
OCH,CHOHCH,N(CH5),X, where X is C;gH37, CH>,(OCH,CH,)sOH, CcHs, CH>,OH, or CH3. Blue 19 is C.I. Reactive Blue 19. All substituents are on the sixth

carbon position on the reducing end side.

(DP — DPy) "= (k) ™'+ (DPq — DPp) "'

(4)
In Eq. (4), k' is the slope of the best fit of a plot of
(DP — DPy) ! versus + ', and (DP.q — DP,) ' is the intercept.
The ¢ is the time, or number of launderings in this case, DP is
the DP at time ¢, DP, is the DP at =0, and DP., is the DP
when hydrolysis reaches equilibrium.

Values for the Kubelka—Munk function (K/S) were exper-
imentally obtained for Blue 19-substituted cellulose after a
certain number of commercial launderings as listed in Table 1
[22]. The K/S is directly proportional to the concentration of
dye in a fiber [24]. The K/S of undyed bleached cotton 400
fabric is only 0.0816. Eq. (5) was therefore used to relate
the K/S to the concentration of Blue 19.
K/S = A[Blue 19] + 0.0816 (5)

In Eq. (5), [Blue 19] is the concentration of Blue 19 in the cel-
lulose fiber, and A is the slope of a plot of K/S versus [Blue 19].

3. Results and discussion
3.1. AU for hydrolysis of pure and substituted cellulose
Molecular modeling was used to study the effect of a sub-

stituent on hydrolysis of the B-(1,4)-glycosidic linkage of cel-
lulose. In Table 2, a more negative change in potential energy

for hydrolysis (AU ) indicates a greater tendency for hydroly-
sis, and the AU values for substituted cellulose are negative
(—110 to —30 kcal/mol) while that of pure cellulose is positive
(25 kcal/mol). The substantial difference in the AU values be-
tween substituted cellulose and pure cellulose indicates that all
the substituents included in this study greatly increase hydro-
lysis of the glycosidic linkage.

As the volume of the substituent increases as shown in
Fig. 1 from that of mono-substituted acetyl to that of

220 -
40
-60

-80 -

AU, kcal/mol

-100 =

-120 T T T 1

400 600 800 1000
Substituent Volume, A3

I
200

Fig. 1. Change in potential energy for hydrolysis of substituted cellulose (AU)
versus the volume of the substituent.
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OCHQCHOHCHzN(CH3)2C18H37 (C18H37 Quat), the AU be-
comes more negative, and a regression of AU versus substitu-
ent volume gives an R of 0.96. There is therefore a strong
relationship between the size of the substituent on cellulose
and its ability to increase hydrolysis of the glycosidic linkages.

The statistical significance of the AU values is demon-
strated by the high R* for the regression of the AU values
versus the substituent volume. In addition, the molecular
dynamics simulations and energy minimizations for the calcu-
lation of the Uyphya and Upyq values for the non-substituted
cellulose and Blue 19-substituted cellulose were replicated.
The Uynnya and Uyyq values for Blue 19-substituted cellulose
were 415 and 339 kcal/mol, respectively, and those for the
non-substituted cellulose were 494 and 518 kcal/mol, respec-
tively, which is a difference between replications within
0.40%. The AU values for these replications are —76 kcal/
mol for Blue 19-substituted cellulose and 24 kcal/mol for
non-substituted cellulose, which gives a difference in AU
between replications within 4%.

3.2. Cause of increased hydrolysis

Substituted cellulose is more susceptible to acid hydrolysis
of the glycosidic linkages because the substituent helps stabi-
lize cellulose after hydrolysis as indicated in Table 2 by the
15—44% lower potential energy (Upyq) of substituted cellulose
relative to that of pure cellulose after hydrolysis. In addition,
the change in potential energy of the cellulose—cellulose inter-
actions in the system (AU eputose—cellutose) 1S 44—125% more
negative for the substituted celluloses than for the pure cellu-
lose as indicated in Table 2. The substituents therefore allow
for stronger cellulose—cellulose interactions after hydrolysis
than are possible in pure cellulose. The cellulose—cellulose in-
teractions include van der Waals forces, hydrogen bonding,
dispersion forces, and other forces. For the substituted cellu-
loses, the change in the van der Waals interaction energy after
hydrolysis (AUyqw) is 103—221% more negative for the
substituted celluloses than for pure cellulose as indicated in
Table 2. The changes in the electrostatic interaction energy af-
ter hydrolysis (AUgjecrrostaic) are nearly identical for the
substituted celluloses and pure cellulose. After hydrolysis,
the substituted celluloses are found to have 1.3—4.4% more
hydrogen bonds compared to pure cellulose based on a maxi-
mum hydrogen bond length of 3.0 A. Dispersion forces are
thus the main type of interactions that account for the differ-
ence in potential energy between the substituted celluloses
and pure cellulose after hydrolysis. Since after hydrolysis,
substituted cellulose is more stable compared to pure cellulose
and before hydrolysis they have similar stability, the hydroly-
sis reaction occurs more readily for substituted cellulose.

The reason a substituent helps stabilize cellulose after
hydrolysis is due to its ability to serve as an anchor to the
end of the cellulose chain to which it is grafted. As shown
in Fig. 2, the AU becomes more negative as the mean square
displacement (MSD) of the glucose residual bonded to the
substituent decreases, and a regression of the AU versus the
MSD has an R? of 0.87. This indicates that the substituent

40 7

20

-20 -

40 -

AU, kcal/mol

-60 -

-80 —

-100 -

-120 T !
0.0 5.0 10.0
Mean Square Displacement, A?

Fig. 2. Change in potential energy for hydrolysis (AU ) versus the mean square
displacement of the glucose residual bonded to the substituent for hydrolyzed
pure cellulose, substituted celluloses, and cellulose containing non-bonded C.1.
Reactive Blue 19.

reduces the mobility of the glucose residuals near the end of
the cellulose chain to which it is grafted, and the term we
give for this phenomenon is an anchor effect. The lower
mobility of the cleaved substituted cellulose chain therefore
allows it to have stronger cellulose—cellulose interactions than
are possible in cleaved pure cellulose, especially at 100 °C. A
larger substituent serves as a stronger anchor to the cleaved
cellulose chain as evidenced by AU becoming more negative
as the volume of the substituent increases as shown in Fig. 1
and as the MSD of the glucose residual at the end of the cel-
Iulose chain decreases as indicated in Fig. 2. Larger substitu-
ents therefore increase the ability of the substituent to stabilize
cellulose after cleavage, which causes hydrolysis to occur to
a greater extent.

Although the potential energies of substituted cellulose and
pure cellulose differ 18—79% after hydrolysis, they only differ
by 5.1—24% before hydrolysis as shown in Table 2. Substituted
cellulose and pure cellulose are more similar in potential en-
ergy before hydrolysis because the substituent does not reduce
the mobility of the cellulose chain to which it is grafted as
much before hydrolysis as it does after hydrolysis since the
substituent is positioned far from the end of the cellulose chain
before cleavage. In addition, before hydrolysis, the substituted
celluloses and pure cellulose have about the same number of
hydrogen bonds within 0.2—0.9%, which also explains their
similar potential energies. Another reason for the similar po-
tential energy values is that the substituent disrupts some of
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the cellulose—cellulose interactions in the system, which in-
creases the potential energy of the system, but the substituent
also forms strong interactions with cellulose, which decrease
the potential energy. A larger substituent interrupts more cellu-
lose—cellulose interactions and forms more substituent—cellu-
lose interactions as indicated in Table 2 by the increasingly
negative values for the potential energy of the substituent—
cellulose interactions (Usypstituent—cellulose) With —increasing
size of the substituent from mono-substituted acetyl to
CsH37 quat. This observation explains why a larger substitu-
ent has a greater ability compared to smaller substituents to
reduce the mobility of the cleaved cellulose chain to which it
is bonded and to stabilize cellulose after hydrolysis.

When another molecule is sorbed onto cellulose without
being covalently bonded to the polymer, it does not increase
hydrolysis of the glycosidic linkages. In the case of Blue 19,
non-bonded Blue 19 gives a AU value of 24 kcal/mol, which
is nearly the same as that of pure cellulose (25 kcal/mol) as
shown in Table 2. In addition, non-bonded Blue 19 and pure
cellulose have about the same MSD (8.3 Az) of the glucose re-
sidual at the end of the chain, which indicates that their
cleaved cellulose chains have nearly the same mobility. The
non-bonded molecule therefore does not increase hydrolysis
of the glycosidic linkage because the lack of a covalent
bond with cellulose means it cannot reduce the mobility of
the cleaved cellulose and therefore does not help stabilize cel-
lulose after cleavage. After hydrolysis, a non-bonded molecule
is not necessarily sorbed to a glucose residual at the end of
a cellulose chain but is instead sorbed to a different cellulose
chain before and after hydrolysis.

3.3. Experimental agreement

Our molecular modeling finding that a substituent on cellu-
lose gives a more negative AU than pure cellulose by 55—
135 kcal/mol and therefore substantially increases hydrolysis
of the glycosidic linkage is supported by experimental data.
As hydrolysis approaches equilibrium, the DP of Blue 19-
substituted cellulose has been found to be only 31% of the
non-substituted cellulose DP, and carboxymethyl cellulose
has been reported to have a DP that is only 45% of the DP
for non-substituted cellulose [6,9]. In addition, the fact that
Blue 19-substituted cellulose has a lower DP than that of car-
boxymethyl cellulose as hydrolysis approaches equilibrium
supports our finding that Blue 19-substituted cellulose has
a more negative AU of —76kcal/mol compared to the
—37 kcal/mol for carboxymethyl cellulose. Our finding that
a substituent on cellulose increases hydrolysis is further sup-
ported by studies showing that the sulfite, sulfate, and alde-
hydo groups also make cellulose more readily hydrolyzed
when they are substituted on the polymer [7,8]. The fact that
non-bonded Blue 19 gives about the same AU as pure cellu-
lose and therefore does not increase hydrolysis is supported
by an experiment showing that cellulose with C.I. Direct
Red 80 sorbed onto the fiber without being substituted on
the cellulose shows about the same extent of hydrolysis of
the glycosidic linkages as does non-substituted cellulose [9].

Based on the large difference in AU values between the
substituted celluloses and pure cellulose, hydrolysis of cellu-
lose predominantly occurs at the glucose residuals bonded to
a substituent. This indicates that increasing the degree of sub-
stitution results in a greater extent of hydrolysis. Supporting
this finding, a past study has reported that increasing the de-
gree of substitution of the carboxymethyl group on cellulose
from 0.075 to 0.095 mole/base mole results in a 38% lower
cellulose DP as hydrolysis approaches equilibrium [6]. The
fact that hydrolysis mainly occurs at the glucose residuals
bonded to a substituent also indicates that hydrolysis of the
glycosidic linkages approaches equilibrium when no substitu-
ent remains on the cellulose fiber.

To find if hydrolysis actually does reach equilibrium when no
substituent remains on the cellulose fiber, data were analyzed on
the hydrolysis of cellulose grafted to Blue 19 [9]. Eq. 4 was used
with the DP and commercial laundering cycle data in Table 1 to
obtain the DP as hydrolysis approaches equilibrium (DP,), and
the regression equations shown in Fig. 3 were (DP — DPy) ' =
—17.5x 10~* (laundering cycles) ' —0.7 x 10~ for Blue
19-substituted cellulose and (DP —DPy) '=—-15.9 x 1073
(laundering cycles) — 1.5 x 10~ for pure cellulose. Based
on these regressions, Blue 19-substituted cellulose had a DP
of 371 at equilibrium while non-substituted cellulose had a DP
of 1210. Data for the DP of cellulose bonded to Blue 19 versus
the K/S values listed in Table 1 were extrapolated to a K/S
of zero. Based on Eq. (5) and the regression equation DP =
214 (K/S) + 330, the DP of Blue 19-substituted cellulose was

0.0 -
X Non-substituted

0.5 @ Blue 19-subs

-2.5 -

(DP-DPo)" x 10°

-3.0

-3.5 =

-4.0

4.5 -

-5.0

1 I
0.00 0.10 0.20 0.30
(laundering cycles)™

Fig. 3. Linear regression of (DP — DPy)™' for Blue 19-substituted cellulose
and non-substituted cellulose versus (number of laundering cycles)™' with
DP, being the initial DP. The DP when hydrolysis reaches equilibrium
(DP.,4) was obtained from the intercept (DPeq — DPy) L. Blue 19 is C.I. Reac-
tive Blue 19.
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2.0

DP x 10°

0.2+

0.0

I
0 2 4 6 8

KIS

Fig. 4. DP of Blue 19-substituted cellulose at the corresponding K/S value. Re-
gression of the DP versus K/S (solid line) was used to extrapolate (dashed line)
the DP to zero concentration of Blue 19 in the cellulose fiber (K/S = 0.0816).
Blue 19 is C.I. Reactive Blue 19.

348 when the concentration of Blue 19 in the cellulose fiber was
zero as shown in Fig. 4. The DP based on extrapolation to a Blue
19 concentration of zero (348) approximately agrees with the
DP based on extrapolation to longer hydrolysis times (371). The
experimental data therefore support the finding from molecular
modeling that hydrolysis predominantly occurs at the glucose
residuals bonded to the substituent and that hydrolysis reaches
equilibrium when no substituent remains on the cellulose fiber.
The large difference between substituted cellulose and pure
cellulose with respect to AU values is thus supported by
experiment.

4. Conclusion

Molecular modeling has been used to explain how the graft-
ing of various groups onto cellulose increases acid hydrolysis
of the B-(1,4)-glycosidic linkages. The substituents included in
this study are ester and ether groups of various sizes such as
acetyl, carboxymethyl, Blue 19, and various quaternary am-
monium compounds. Our molecular modeling indicates that
the grafting of these groups onto cellulose increases hydrolysis
of the glycosidic linkages by helping to stabilize cellulose
after hydrolysis, and larger substituents increase hydrolysis
to a greater extent. After hydrolysis of substituted cellulose,
the substituent is positioned at the end of the cleaved cellulose
chain to which it is bonded. The substituent serves as an

anchor to the cleaved cellulose chain by reducing the mobility
of the cleaved cellulose, which allows it to have stronger
cellulose—cellulose interactions compared to cleaved pure
cellulose, especially at 100 °C. The substituent serves as an
anchor to the cleaved cellulose chain to which it is bonded be-
cause it forms strong interactions with the cellulose chains. As
the size of the substituent increases, the cellulose—substituent
interactions become stronger, which increases the ability of
the substituent to reduce the mobility of the cleaved cellulose.
As a result, the ability of the substituent to stabilize cellulose
after hydrolysis increases with the size of the substituent.
Substituted cellulose and pure cellulose are more similar in
potential energy before hydrolysis because the substituent
interrupts some of the cellulose—cellulose interactions in the
system and also forms strong interactions with cellulose.
The molecule must be substituted on cellulose to increase hydro-
lysis because in the case of Blue 19 sorbed onto cellulose with-
out being covalently bonded to the polymer, Blue 19 does not
reduce the mobility of the cleaved cellulose, and it thus does
not allow for stronger cellulose—cellulose interactions com-
pared to pure cellulose. Since the cause for increased
hydrolysis of the glycosidic linkages is the substituent helping
to stabilize cellulose after hydrolysis, perhaps all types of sub-
stituents on cellulose increase hydrolysis of the glycosidic link-
age. Van der Waals forces are the main type of intermolecular
interaction that contributes to the greater stability of substituted
cellulose compared to pure cellulose after hydrolysis.

Supporting our finding that the grafting of various groups
onto cellulose substantially increases hydrolysis of the glyco-
sidic linkages, experiments have shown that as hydrolysis ap-
proaches equilibrium, the DP of carboxymethyl cellulose and
cellulose bonded to Blue 19 are only 45% and 31%, respec-
tively, of the DP for non-substituted cellulose. In addition,
the lower DP of the Blue 19-substituted cellulose compared
to carboxymethyl cellulose as hydrolysis approaches equilib-
rium supports our finding that Blue 19 gives a more negative
AU than the carboxymethyl group. Based on the large differ-
ence between substituted cellulose (—110 to —30 kcal/mol)
and pure cellulose (25 kcal/mol) with respect to the change
in potential energy for hydrolysis (AU ), hydrolysis of the gly-
cosidic linkages mainly occurs at the glucose residuals bonded
to the substituent. This indicates that the extent of hydrolysis
increases with increasing degree of substitution. Experiments
have confirmed this finding as increasing the degree of substi-
tution of the carboxymethyl group on cellulose has led to
a lower cellulose DP after hydrolysis. Our finding that hydro-
lysis mainly occurs at the glucose residuals bonded to the
substituent is also supported by experiments showing that
hydrolysis of cellulose approaches equilibrium when no sub-
stituent remains on the cellulose fiber. The supporting experi-
ments therefore prove that molecular modeling can be used to
study this phenomenon.
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