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ARTICLE INFO ABSTRACT

Keywords: Hypothesis: The incorporation of carbon dioxide into a sodium hydroxide solution containing cellulose may
Cellulose induce the formation of a transient cellulose carbonate intermediate, which readily hydrolyzes to carbonate
Therf“_“dy'“am‘cs ion, and this process is responsible for the instantaneous formation of loose cellulose aggregates.

Precip ltat,lorf Simulations: We employed molecular dynamics simulations to gain insight into the role of carbon dioxide and
Carbon dioxide . . . . . .

Aggregation related ions in the cellulose aggregation process. By performing free energy calculations using OPLS/AA force

fields between cellulose chains at different ionic environments, we were able to gain additional information
regarding the behavior and thermodynamics of the involved species and propose a potential mechanism for
the aggregation of cellulose in these systems.

Findings: Our hypothesis of the formation of an intermediate cellulose carbonate in the solution, which
strongly favors carbon dioxide absorption and carbonate ion formation, is supported by the simulation results.
These results suggest that the aggregation process is driven by entropy upon the introduction of carbonate

Molecular dynamics

ions into the system.

1. Introduction

In the quest for a sustainable cellulose solvent, aqueous hydroxide
bases have emerged as promising contenders. Among them, NaOH(aq)
is favored for its green nature, general availability, and low toxicity.
However, the dissolution scope of cellulose in pure sodium hydroxide,
without additives, is limited. The implications of poor solubility have
been extensively explored with regards to NaOH(aq) concentration,
temperature, as well as cellulose chain length, character, or origin [1-
4]. The interaction between cellulose and CO,(g), which is present in
the solution as a result of natural sorption by NaOH(aq), has been
largely ignored for a significant period of time [5-8], we previously
showed that the presence of cellulose significantly increases the in-
corporation of CO, into the system [9]. Interestingly, the increased
incorporation of CO,(g) was accompanied by a relatively modest reduc-
tion of alkalinity and pointed out the hydroxide-preserving nature of
carbonate formation (as compared to the common alkali mediated con-
version of CO,) [9]. Following NMR studies of low-molecular cellulose
analogues evidenced the critical role of the carbohydrate in the CO,(g)
uptake whilst insensitivity of the process to variations in alkali concen-
trations [10]. Based on these findings we could suggest a mechanism for
introducing CO,(g) through a formation of transient cellulose carbonate
intermediate, readily hydrolyzed to yield a carbonate ion. Even though

the intermediate mentioned above could not be captured by NMR in an
aqueous alkaline environment, its formation under similar conditions
was reported in early carbohydrate literature [11,12] as well as in the
DMSO system [13]. Importantly, CO%‘ formation route would account
for a modest reduction of alkalinity, as it comprises consumption of
only one mole OH™ per mole of formed CO%‘, contrary to the classical
route consuming 2 moles of OH™ per mole of formed CO%’. By building
knowledge on the interaction between cellulose and CO,(g) in cold
alkali, we could take control of the system and investigate further the
polymer behavior in the context of material development. Recently, we
reported the remarkable ability of the introduced CO,(g) to precipitate
cellulose from NaOH(aq) while largely preserving the alkalinity: cellu-
lose could be precipitated by CO,(g) with the reduction in alkalinity
corresponding to merely 0.3 pH units at 5 °C [14]. Following this, the
uptake of CO,(g) for the colloidal stability of the cellulose/NaOH(aq)
solutions was emphasized in the studies by Reyes et al. [15] comprising
cellulose dissolution under a CO,(g)-depleted atmosphere and ageing
of solutions in contact with CO,(g). Although both our work and con-
secutive research of Reyes et al. [16] hypothesized on the coagulation
mechanism, there is still a lack of complete mechanistic understanding.
Due to the complexity and harsh conditions in the studied system, as
well as rapid change whilst gas delivery, the analytical techniques that
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Fig. 1. Schematic representation of cellobiose unit.
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Fig. 2. Schematic representation of the hydrophilic (left) and hydrophobic (right) sides
of cellulose chains used in this study. The figure shows the interacting sides of the
cellulose carbonate chains, while similar sides have been chosen to study the interaction
between the deprotonated chains.

could support the presented reasoning are limited. In light of that,
molecular modeling could be a door opener toward a complete picture
of the coagulation mechanism. The essence of such an approach is to
appropriately reflect the experimental environment, including the poly-
meric structure of celluloses, rather than the analysis of a single glucose
unit. Here, therefore, we employ molecular dynamics simulations to
attain a mechanistic understanding of cellulose aggregation in NaOH
solution in the presence of CO,.

2. Methodology

A series of MD simulations have been conducted using
GROMACS2022, an MD package that has widely been used to in-
vestigate the molecular interaction phenomena for systems involving
biomolecules [17-19]. A time step of 2 fs (2 x 10715 s) was used in all
MD simulations. A cut-off distance of 1 nm was implemented for trun-
cating the van der Waals force in our study. Long-range electrostatic
interactions were calculated using Smooth Particle Mesh Ewald (SPME)
method [20]. All the equilibration and production simulations were
carried out in NPT ensemble at 300 K, unless otherwise mentioned.
The temperature was controlled using velocity rescaling version [21]
of Berendsen thermostat [22] with a time constant of 0.1 ps to isolate
athermal effects as much as possible [23-25] and periodic boundary
condition were applied in all directions throughout all the simulations.
The pressure was maintained at 1 atm by using a semi-isotropic
Berendsen barostat in x and y directions. Cellulose 18 crystals were
modeled with chains formed by repeating cellobiose units as shown
in Fig. 1 based on the structure predicted by Nishiyama et al. [26]
Two types of cellulose chains viz. carbonated and deprotonated, were
used in this study. The carbonated cellulose chains were constructed
by substituting H6 atoms of alternate cellobiose units with a carbonate
group. Electrostatic charges on C6 and HO6 were adjusted on each
substituted unit such that the effective charge of the modified unit
was —2. Similarly, the deprotonated cellulose chains were constructed
by removing the H6 atoms from the alternate cellobiose units and
adjusting charges in C6 and HO6 atoms, so that the overall effective
charge of the deprotonated unit was —1.

Numerous force-fields like AMBER [27], CHARMM [28], and GRO-
MOS [29] among others have been reported for carbohydrate systems,
we chose to implement OPLS/AA FF, which has been reported to be
consistent with the larger biomolecular context. This force field has
also been employed in condensed-phase simulations of cellulose in
aqueous media in previous studies and has been proven to success-
fully predict the interaction between different faces of nanocrystalline
cellulose [30]. Water molecules were described using the simple point
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charge SPC/E model [31] which has successfully been used in studies
involving water-cellulose systems [32]. We have chosen the SPC/E wa-
ter model due to its quantitative agreement with experiments to yield
water reorientation and hydrogen bond (HB) dynamics [33]. Moreover,
it has been shown that the value of the surface tension for the SPC/E
model is in good agreement with the experimental results [34].

Two cellulose chains composed of 6 cellobiose units, as shown in
Fig. 1, were placed in a computational domain of 2.4 nm x 6.00 nm X
6.228 nm?. The computational box was then filled with a fixed number
of water molecules and free sodium ions were used to neutralize the
surplus charge in the system created due to cellulose modification
(deprotonation and carbonation). Subsequently, an adequate number
of sodium and hydroxide ions were introduced to generate a system of
1 molar NaOH concentration. For the cases involving CO, and COJ 2
adequate number of carbon dioxide or carbonate ions were introduced
to generate 1 molar concentration of each species. The additional
charges created in the system due to the addition of ionic species were
further neutralized by adding sodium ions.

In all the simulations, the systems were first energy minimized and
then subjected to NVT ensemble at 300 K for 5 ns and subsequently
to NVE ensemble for the next 20 ns to guarantee the equilibrium
properties of the involved species. Then, the systems were subjected to
NPT ensemble for further equilibration and production runs. The inter-
species interaction parameters were described using Lorentz-Bertholet
(LB) mixing rules [35].

The magnitude of interactions between the modified cellulose chains
was calculated using umbrella sampling (US) and the weighted his-
togram analysis method (WHAM) [36], where the latter was used to
calculate the potential of mean force (PMF) along a reaction coordinate.
In our case, the reaction coordinate was chosen to be the interparticle
separation of the center of mass (COM) of each cellulose chain. A chain
of the cellulose (Chain A) was rendered fixed by applying position
restraints of 500 kJ mol~! nm~? on each carbon atom in all three
directions. Similarly, the next chain (Chain B) was rendered mobile in
the direction of the reaction coordinate (z-axis) by applying position
restraints of 500 kJ mol~! nm~2 to all the carbon atoms in the x and
y directions. This was done to prevent its rotation along the x-y plane
and ensure a fixed orientation during the pulling process. The US was
started by initially pulling Chain B towards Chain A, at a constant
rate of 0.0025 nm ps~! with a force constant of 10,000 mol~! nm™.
The system configurations were stored at 0.05 nm intervals, which
were used for the US. The sampling time of 6 ns was used for all
configurations.

Entropy was calculated from the finite difference temperature deriva-
tive of PMF or 4G at each interparticle separation (r) using Eq. (1):

_AS(r) = AG(r,T + AT) — AG(r,T) )
AT

PMF calculation using the US method was conducted at 300 K and

320 K and hence, the values of T and AT were 300 K and 20 K,

respectively. The enthalpic contribution to the free energy, 4H, can

be then calculated using Eq. (2):

AH = AG+TAS (2)
3. Results and discussion
3.1. Interaction between cellulose chains

The interactions between two cellulose chains were determined by
calculating the PMF between them in the presence and absence of
the ions of interest. The PMFs of most relevant cases were further
decomposed into their entropic and enthalpic contributions to explore
the main reason behind the experimentally observed [14] cellulose
aggregation in presence of CO, in NaOH. The PMF profiles between
the hydrophilic sides of the depronoted cellulose chains in different
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Fig. 3. PMF profile of interaction between the hydrophilic sides of two deprotonated
cellulose chains. The labels in the figure is as follows: (i) case I: Water without OH™,
CO, or CO;Z, (ii) case II: Solution with CO, concentration of 1 molar in water, (iii)
case III: Water with OH~ concentration of 1 molar and no CO;Z, (iv) case IV: Water
with OH~ concentration of 1 molar and CO;2 concentration of 1 molar.

solutions are shown in Fig. 3. The interaction between the chains in
water seems not to be affected by the presence of gaseous CO, in
the solution as shown by the PMF profiles (cases I and II). It has
previously been shown that the PMF profiles between two interacting
cellulose chains depend upon the orientation of water molecules in
the interfaces [17]. The similarity in PMF profiles in these two cases
suggests that the water structure is very weakly affected by CO, in
water and does not change significantly [37]. On the other hand,
the PMF profiles for high concentration of OH~ ions (cases III and
IV) reveal primary maxima prior to primary minima, which indicates
the existence of an energy barrier that prevents the association of
deprotonated cellulose chains under such conditions. Having shown
that the presence of gaseous carbon dioxide does not alter the PMF
profiles of the interacting chains, we now focus on the effect of carbon
dioxide in the solution. It is well known that carbon dioxide is absorbed
in NaOH solutions and forms stable carbonate ions [38]. Furthermore,
our previous study [14] has shown that dissolved cellulose chains in
NaOH(aq) solution may assist in higher absorption of CO, from the
atmosphere. One of the possible explanations for this observation is the
formation of a cellulose carbonate intermediate, readily hydrolyzed to
carbonate ion, as suggested by Gunnarson et al. [13] To this end, we
first study the effect of the presence of CO;2 species in the solution
containing Nat and OH~ ions and water (cases III and IV, (Fig. 3).
We introduce an adequate number of CO3‘2 species into the solution
to generate 1 molar concentration and neutralize the system charge by
further adding Na* ions. The PMF profile of the deprotonated chains,
in this case, indicates the presence of deep primary minima that is
deeper and wider than the case without any OH~ ions which indicate
the formation of instantaneous cellulose aggregates.

Subsequently, we introduce the carbonate species on the cellulose
chains to simulate cellulose carbonate in solution and calculate the
corresponding PMF profiles (Fig. 4). It is worth noting that the PMF
profiles of deprotonated cellulose chains in water differ from those of
carbonated chains despite both having the same overall charge on the
interacting sides (cf. Figs. 3 and 4). For example, in the case I de-
scribed in Fig. 4, (carbonated cellulose chains without deprotonation)
secondary minima are observed before the primary maxima when the
interacting faces of the carbonated chains come closer to one another.
This implies that aggregation of carbonated cellulose chains is less
likely compared to the aggregation of the deprotonated chains, as the
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Fig. 4. PMF profiles of interaction between the hydrophilic sides of two carbonated
cellulose chains. The labels in the figure are as follows: (i) case I: Water without OH™,
CO, or CO;Z, (ii) case II: Solution with 1 molar CO, in water, (iii) case III: Water with
OH~ concentration of 1 molar and no CO;Z, (iv) case IV: Water with OH~ concentration
of 1 molar and CO;2 concentration of 1 molar.

carbonated chains are likely to attain a stable state at the secondary
minima; the energy barrier to overcome for the system to be in this lo-
cal minimum energy state being ~4kT. This suggests that modification
of cellulose chains by a charged substituent leads to higher stability of
cellulose suspensions and prevents aggressive aggregation [39]; com-
pared to the deprotonated chains without substitution. The presence
of only primary minima in the PMF profiles of deprotonated chains
in water (without OH~ and CO;2 ions) indicates that these chains are
more likely to form stable aggregates under favorable conditions.

However, in the presence of base, this seems to change. The PMF
profiles between the hydrophilic sides of two carbonated cellulose
chains in different systems containing CO,, OH~ and CO;2 are shown
in Fig. 4. Similar to the case with deprotonated cellulose chains in
presence of gaseous carbon dioxide in water, the PMF profiles, in this
case, show no significant variation upon addition of gaseous CO,. This
strongly suggests that free gaseous CO, does not significantly affect the
aggregation process. The presence of NaOH in the system increases the
primary free energy barriers and the minima of the PMF profiles are
less deep which indicates a lower probability of aggregation of cellulose
chains in the presence of NaOH. The introduction of CO;2 however,
drastically affects the free energy of the system, as shown in Fig. 5.
The region with the secondary maxima disappears altogether and only
wide and deep minima are observed; although a small repulsive barrier
is still observed, approximately in a similar region where primary
maxima were observed for other cases. The presence of deeper primary
minima in the PMF profile suggests a high probability of instantaneous
aggregation without any resistance. However, the deeper region of
primary minima, in this case, lies further away from the COM of the
chains compared to the other cases, which indicates the formation
of looser aggregates, and not permanent precipitation. This trend is
similar to case III discussed in Fig. 3.

To further investigate this interesting tendency of aggregation in the
presence of CO3‘2, we calculate the enthalpic and entropic contribution
in the cases with both OH~ and CO;2 in the system. The respective
entropic and enthalpic contributions are shown in Figs. 5 and 6 for the
systems with deprotonated and carbonate cellulose chains respectively.
The enthalpic and the entropic contributions of the PMF act in opposite
direction to one another and depends upon the interparticle distance of
the cellulose chains. The aggregated state of the chains is highly favored
due to the huge entropic contributions, the enthalpic contributions
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Fig. 5. Enthalpic contribution, AH(r), and entropic contribution, —TAS(r), to the
potential of mean force, AG(r) for the system with deprotonated cellulose chains in
water along with OH~ and CO;? ions. It is to be noted that the interaction between
the hydrophilic sides are only considered in the system.
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Fig. 6. Enthalpic contribution, 4H(r), and entropic contribution, —T4S(r), to the
potential of mean force, AG(r) for the system with carbonated cellulose chains in water
along with OH~ and CO;2 ions. It is to be noted that the interactions between the
hydrophilic sides are only considered in the system.

being unfavorable. This suggests that the observed change in free
energy which gives rise to attractive minima is particularly due to
an increase in the entropy of the system which might be the result
of the rearrangement of water molecules in the solvation layer of
the carbonate ions and the expulsion solvent molecules between the
cellulose chains. We observe that the minimum energy state; i.e. the
primary minima, is stabilized by increased entropy, while beyond the
primary minima, at the lower interparticle separation, the interaction
is dominated by higher enthalpic contribution. This suggests higher
intermolecular interaction among the water molecules trapped between
the cellulose chains as the latter approach one another closer than the
primary minima.

It is to be noted that the contact minimum of the system with
carbonated chains is deeper and wider as compared to the system
with deprotonated chains only, despite both systems having the same
numbers of ionic species and water molecules. This suggests that the
presence of carbonated cellulose chains contributes to the deeper en-
ergy by increasing the entropy of the system which in turn leads to a
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higher probability of cellulose chain aggregation. This finding explains
the formation of cellulose aggregates in NaOH solution in the presence
of CO,. Furthermore, the larger gain in entropy at the minimum en-
ergy state observed in the case of a system with cellulose carbonate
chains and a higher uptake of CO,, as experimentally shown in our
previous investigation [14] hints towards the presence of cellulose
carbonate species, albeit transient, during the uptake of CO, from the
atmosphere by the cellulose dissolved in NaOH solution. Although we
focus our results and discussions around the interaction between the
hydrophilic sides of the cellulose chains (Fig. 2), we have performed
similar analyses for the hydrophobic sides, included as supplementary
information. The aggregation tendency of the hydrophobic sides shows
similar trends as the interaction between the hydrophilic sides, which
suggests that the aggregation tendency of the cellulose chains does not
depend upon the interacting sides, but on the presence of CO;2 ions in
the system.

Concluding remarks

The theoretical results obtained via MD simulation reveal that the
presence of CO;2 in the system containing cellulose chain dissolved in
NaOH contributes to the increase in entropy upon aggregation of the
dissolved chains and drive the system to the stable minimum energy
state. This explains the formation of loose aggregates of cellulose chains
formed in the experiments when CO, is injected into the system [14].
Our results also reveal that the aggregating tendency does not depend
upon the interacting sides of the cellulose chains, but only on the
presence of carbonate ions in the system.
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