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The native cellulose, through TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-mediated oxidation, can be
converted into individual ﬁbers. It has been observed that oxidized ﬁbers disperse completely and individually in
water. It is believed that electrostatic repulsive forces might be responsible for such observations. In order to study
the TEMPO-oxidation of cellulose molecules, we used Density Functional Theory (DFT) calculations and FloryHuggins theory combined with molecular dynamics (MD). The surface electrostatic potential in native cellulose
and TEMPO-oxidized cellulose were calculated using DFT calculations. We found that TEMPO-oxidized cellulose
accommodates a threefold screw conformation where the negatively charged (–COO–) functional groups are
pointed away from the surface in all spatial directions. This spatial orientation causes that TEMPO-oxidized
cellulose molecules repulse each other due to strong negatively charged surface. At the same time, the spatial
orientation increases the hydrophilicity in TEMPO-oxidized cellulose molecules. These observations explain the
improved dispersion in water and separability of TEMPO-oxidized cellulose molecules. We obtained large and
positive Flory–Huggins interaction parameters for TEMPO-oxidized cellulose molecules indicating their higher
dispersion once in water.

1. Introduction
One of the most abundant biomolecules on the earth is cellulose [1].
Cellulose has found applications in a wide range of industries such as
pharmaceuticals, biofuel, ﬁbers [2]. Cellulose ﬁbrils are generally lightweight and have shown interesting properties, speciﬁcally high tensile
strengths (around 200–300 MPa), and elastic moduli (around 6–7 GPa)
[3, 4]. Cellulose ﬁbrils can be produced from native cellulose through
TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-mediated oxidation systems in water [5, 6, 7]. Two commonly used TEMPO-mediated
oxidation processes are (i) aqueous solution of 2,2,6,6-tetramethylpiperidine-1-oxyl combined with NaBr, NaClO at pH 10–11 (see Figure S1 in
SI.1) or (ii) NaClO, NaClO2 at pH 4.8–6.8 (see Figure S2 in SI.1) [8].
Through TEMPO-mediated oxidation processes, primary C6–OH groups
on native cellulose (CH2OH) are oxidized to sodium carboxylate groups
(COONa) [9, 10, 11, 12]. Isogai et al. [7] reported that a complete
oxidation of C6–OH groups (CH2OH) to sodium carboxylate groups

takes place. Later on, the sodium atoms dissociate from sodium carboxylate groups (COONa). As a result of sodium dissociation, negatively
charged carboxylate functional groups (–COO–) are left on
TEMPO-oxidized cellulose.
It has been previously observed that these ﬁbrils are not agglomerated with each other. They disperse completely as individual ﬁbrils in
water [5, 6, 7]. It is believed that electrostatic repulsive forces might be
responsible for these observations. Getting experimental evidences for
such forces is extremely difﬁcult. Therefore, in order to conﬁrm that, it is
of great interest to study, on the molecular scale, how
TEMPO-oxidization alters molecular structure and their interactions [13,
14]. It is worthwhile to investigate the effect of degree of oxidation of
(CH2OH) group by (COO–) group. Here, we used computational
techniques including Density Functional Theory (DFT) calculations and
molecular dynamics (MD). We employed DFT calculations to relax molecular models of native and TEMPO-oxidized molecules to get their
stable structures. We determined the surface electrostatic potential in
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Figure 1. Repeating unit reported by Nishiyama et al. [18] used to create cellulose molecule models.

2.2. Molecular model structure of TEMPO-oxidized cellulose

native cellulose and TEMPO-oxidized cellulose models to evaluate the
structural changes and orientation of the functional groups. Additionally,
we employed a Flory–Huggins theory combined with molecular dynamics to calculate molecular Flory–Huggins interaction parameters as it
can be used for compatibility analysis [15, 16, 17].

To track the surface changes that the cellulose molecule experiences
due to oxidation of different functional group contents through TEMPOoxidation process, we created a series of cellulose variants/conformation.
These variants include (1) cellulose molecules with (–CHO) functional
groups, (2) cellulose molecules with (–COOH) functional groups, (3)
cellulose molecules with (–COONa) functional groups and (4) cellulose
molecules with (–COO‒). These variants are considered based on the
currently accepted mechanisms as shown in Figure S1 and Figure S2 [8].
To create these model molecules, we remove the (CH2OH) groups in
native cellulose and replace with the respective functional groups in each
variant 1–4. Also, as sixteen –CH2OH groups are present on model native
cellulose molecule, replacement of the functional groups is considered
from 1 to 16. This can represent the partial oxidation toward full
oxidation.

2. Computational methods
2.1. Molecular model structure of native cellulose
Nishiyama et al. [18] provided the glucose residue structure
(Figure 1) which is used to build our model cellulose molecules. We
observed in our previous works [19, 20] that the selected unit structure
provides a good representation of cellulose properties. In present work,
both molecular dynamics and DFT calculations are performed. Therefore,
it is necessary to avoid a large molecule due to computational costs of
DFT calculations [21]. In contrast, to get reliable molecular Flory–Huggins interaction parameters from molecular dynamics, a reasonably large molecule is needed [22, 23]. Herein, the cellulose model
consists of 16 glucose residues.

2.3. Density functional theory calculations
For all four cellulose variants detailed in the previous section, we
performed structural relaxation to ensure the model molecules are stable

B

H
Figure 2. Relaxed structures obtained using density functional theory calculations showing conformational changes of cellulose variants: B: native cellulose and H:
TEMPO-oxidized cellulose (fully oxidized).
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Figure 3. The COSMO surface charge density proﬁles of water, native cellulose (B) and fully oxidized cellulose (DOS ¼ 16).

3. Results and discussion

and at their minimum energy. For all DFT calculations performed in this
work, we used the DMol3 package. The generalized gradient approximations with Perdew-Becke-Ernzerhof (PBE) function was used as recommended [24]. Since the molecules would generally be in solution in
TEMPO-oxidation process, the solvation effects must be considered via
relaxation calculations. Therefore solvation effects are accounted for by
implementing the COnductor-like Screening Model (COSMO) via the
DMol3 package as described by Klamt et al. [25]. To control the
convergence behavior for enhanced self-consistent ﬁeld calculations
[26], thermal smearing [27] is applied including double numerical basis
and d-polarization function level of theory. The COSMO surface charge
densities are extracted from DMol3 output ﬁles.

3.1. Density functional theory calculations
As previously mentioned, Isogai et al. [7] suggest that a complete
TEMPO-mediated oxidation process takes place i.e. full oxidation of the
(CH2OH) groups by the carboxylate (–COO‒) groups. The corresponding results are presented herein, and the remaining data can be found in
the accompanying supplementary ﬁles (see SI.2 for visualized relaxed
structured, SI.3 for sigma charge density proﬁles and SI.5 for coordinate
of atoms in each structure).
In Figure 2, the relaxed structure of native cellulose and complete
TEMPO-oxidized cellulose (containing (–COO‒) groups) molecules are
presented where conformational changes upon surface modiﬁcation of
cellulose can be observed. As seen in Figure 2, the complete TEMPOoxidized cellulose accommodates a threefold screw conformation.
Because of this conformation, all (–COO‒) groups are pointed away
from the surface of cellulose in all directions. This spatial orientation
causes that TEMPO-oxidized cellulose molecules repulse each other
due to strong negatively charged surface. At the same time, the
spatial orientation increases the hydrophilicity in TEMPO-oxidized
cellulose molecules. These observations explain the improved dispersion and separability of TEMPO-oxidized cellulose molecules. This
conclusion is consistent with observations reported by Isogai et al.
[7].

2.4. Flory-Huggins theory combined with molecular dynamics
The Flory–Huggins interaction parameter χ ij [28] between molecule i
and j is related to coordination number (Zij ) and average binding energy
(EijT ) as χ ij ¼ 0:5½Zij EijT þZji EjiT Zii EiiT Zjj EjjT  =RT [29, 30, 31]. Here R is
the universal gas constant and T is temperature. The Blend package is
used to calculate the Flory-Huggins parameter [28, 30]. In order to avoid
risk of improper relaxation and charge assignments using force ﬁelds, we
use the relaxed structures obtained from DFT calculations as input here.
The INTERFACE force ﬁeld model v.1.5 is used as described by Heinz
et al. [32, 33]. The Flory–Huggins interaction parameter values are
extracted from Blend output ﬁles.

Table 1. The calculated values of Flory–Huggins interaction parameter, χ ij , at standard temperature and pressure condition.
H2O
H2O

0

C5H7O4

(CH2OH)

(–CHO)

(–COOH)

(–COONa)

C5H7O4

-9.79980432

(CH2OH)

-1.25775834

-1.58867227

0

(–CHO)

6.11254968

7.27009437

5.01320897

0

(–COOH)

-14.43749519

1.73641587

-8.47843226

1.97779403

(–COONa)

11.12301353

2.56198663

7.93710466

3.08680920

4.90900649

0

(–COO‒)

9.77825227

5.67684352

6.79519086

0.77570342
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1.04452272

(–COO‒)

0
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Figure 4. Mixing energies of water and cellulose variants. B: native cellulose, D: (–CHO) group containing variant, F: (–COOH) group containing variant, G: (–COONa)
group containing variant and H: –(COO‒) group containing variant.

cellulose is stable in water. For the cellulose variant containing –COO‒
functional group and water pairs, a large and positive χij is obtained,
meaning that the cellulose variant containing TEMPO-oxidized cellulose tends to be dispersed and won't agglomerate with each other in
water. This is in agreement with the experimental observations of
enhanced dispersion and easier separation of the TEMPO-oxidized
cellulose [8].
In Figure 4, the averaged mixing energies of water and cellulose
variants (see section 2) are displayed. Generally, the energy of mixing
should always be negative where mixing is possible and spontaneous
[37]. From Figure 4, it can be concluded that each cellulose variant
shows different tendencies for aggregation and agglomeration. The
mixing energy of the cellulose variant containing (–COO‒) functional
group (fully TEMPO-oxidized cellulose) group in water suggests that this
variant in water tends to disperse and stay separated which is consistent
with literature [13, 14].

Finally, the obtained surface charge densities, σ , and their respective
probability, P(σ ), are shown in Figure 3 for water, native cellulose, and
TEMPO-oxidized cellulose (fully oxidized). For the analysis of surface
charge densities, the peak from the negative lone-pairs is located on the
right side and vice versa [1, 25].
A wide and symmetric proﬁle is obtained for water which is consistent with previous studies [1, 34]. The lone-pair electrons on oxygen are
responsible for the peak around σ ¼ 0.014 e/Å2 in water sigma proﬁle.
The peak at σ ¼ -0.014 e/Å2 in water sigma proﬁle is generated by the
two polar hydrogen atoms. The ﬂat and symmetric region spanning a
charge density range of 0.0079–0.0079 e/Å2 indicates the feature of
water to involve in donor-acceptor electrostatic interactions. Both native
cellulose and fully oxidized cellulose showed a shoulder‒like peak
around 0.0023 e/Å2 which can be attributed to the exposed surface of
carbon atoms. All model cellulose variants have this shoulder‒like peaks
(around 0.0023 e/Å2) in common. As this peak indicates a negative
charge, then a repulsive interaction could be realized for all cellulose
variants. The carbon-containing pyranosyl rings are responsible for the
peak at σ ¼ 0.005 e/Å2. In fully oxidized cellulose, the lone-pair electrons
on the oxygen atom in the carboxyl groups are easily distinguished due to
the observed peak around σ ¼ 0.013 e/Å2. The weak peak at σ ¼ -0.014
e/Å2 in native cellulose indicates the hydrogen atoms in pyranosyl rings
(that have ﬁve C and one O) as the positive charges of these hydrogen
atoms are distributed over a large area. The afﬁnity of cellulose for acting
as proton donor (through hydrogen donation in CH2OH group) is indicated by the strong peak at around σ ¼ -0.006 e/Å2. As the hydrogen
bonding is weak up to -0.002 e/Å2, hydrogen donation in CH2OH group is
expected.

4. Conclusion
Computational experiments involving DFT and Flory-Huggins
parameter calculations are performed to study the surface changes that
occur on cellulose molecules and their effect on the properties and
interaction of the molecules in solution. It is found that a threefold screw
conformation results for fully oxidized cellulose, which creates a negatively charge surface. This in turn results in a completely strong electrostatic repulsion characteristics on fully oxidized cellulose. Thus, this
enhances the solubility in water while makes the separation of modiﬁed
cellulose much easier.

3.2. Flory-Huggins theory combined with molecular dynamics
Declarations
The calculated values of Flory–Huggins interaction parameter, χij, at
standard temperature and pressure for each of the two molecular pairs
are listed in Table 1 (also see SI.4 for further details). The Flory–Huggins interaction parameter can provide insight into the compatibility and possibility of interactions between two molecules [35].
Generally, when a small or negative value of χ is obtained, it can be
concluded that two particles may have desirable attraction, and this can
result in a new phase formation. Aggregation of similar particles by
themselves is expected if the determined χ is large and positive. A high
value of χ value shows that the mixture of two components will separate
into two phases [36].
A small and negative Flory–Huggins interaction parameter is obtained for water and native cellulose pairs signifying that the native
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