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ABSTRACT: Cellulose can be dissolved in ionic liquids (ILs), and it can be 47 :f
recovered by adding antisolvent such as water or alcohol. In addition, the P *Jﬁ?’,
regenerated cellulose can be used for textiles, degradable membranes, \ Water s SR
hydrogels/aerogels, etc. However, the regenerated mechanism of cellulose

remains ambiguous. In this work, density functional theory (DFT) calculation ]

is reported for the cellulose regeneration from a cellulose/1-n-butyl-3- ,

methylimidazolium acetate (BmimOAc)/water mixture. To investigate the ) > . < )
microscopic effects of the antisolvents, we analyzed the structures and H- agd T w5 J;;,;,:f .
bonds of BmimOAc-nH,O and cellobiose-ILs-nH,O (n = 0—6) clusters. It can WA ; o od bl + Jti ..
be found that when n > S in the BmimOAc-nH,O clusters, the solvent-  3¢%9 ° J }"::"5‘ \ v f Lo
separated ion pairs (SIPs) play a dominant position in the system. With the 2% c ’

increasing numbers of water molecules, the cation—anion interaction can be
separated by water to reduce the effects of ILs on cellulose dissolution.
Furthermore, the BmimOAc-nH,O and cellobiose-ILs (n = 0—6) clusters tend
to be a more stable structure with high hydration in an aqueous solution. When the water molecules were added to the system, H-
bonds can be formed among H,O, the hydroxyl of cellulose, and the oxygen of OAc. Therefore, the interactions between cellulose
and ILs will be decreased to promote cellulose regeneration. This work would provide some help to understand the mechanism of
cellulose regeneration from the view of theoretical calculation.

DFT Perspective on Cellulose Regeneration

1. INTRODUCTION

Renewable and green resources have been rapidly developed to

as negligible vapor pressure, nonflammability, wide liquid
range, and strong thermal stability. These have led ILs to be

face the global challenge of energy crisis and the environment
in the past few years. Cellulose is one of the richest
biopolymers in the world with an estimated annual yield of
more than 10" tons.! As a cheap and rich raw material,
cellulose can be broadly used in paper, paints, textiles, and
pharmaceutical compounds.”® The utilization of renewable
cellulose has shown great promise for the future, and it can be
used as an appropriate feedstock for biofuel and bioproducts.*”

Cellulose is a linear condensation polymer that connects the
D-glucose units through the f-1,4-glycosidic bonds, with
degrees of polymerization (DP) from 100 to 20,000 depending
on the source.”” Adjacent glucose molecules are connected by
hydrogen bonds (H-bonds) and van der Waals forces, resulting
in a parallel structure and crystal structure.”” H-bonds can be
formed with the hydroxyl groups of the chains, and these lead
to structural robustness with strong mechanical strength.
Therefore, cellulose cannot be dissolved in water and general
organic solvents, such as ethanol, ether, acetone, efc. Ionic
liquids (ILs) are organic molten salts with melting points
below 100 °C, and they have been considered as green
sustainable solvents for the dissolution of cellulose.'”"'" There
are some special physicochemical characteristics for ILs, such
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widely used in many fields, including catalysis, extraction,
electrochemistry, organic synthesis, etc.'”'? In 2002, Rogers
and co-workers reported the use of ILs as cellulose solvents for
both physical cellulose dissolution and regeneration, opening
up a new class of solvents to the cellulose research
community.'* Uto et al. studied the dissolution of cellulose
in imidazolium-based ILs by molecular dynamics (MD)
simulation, and they proposed that the solubility of cellulose
is closely related to the number of intermolecular H-bonds in
cellulose crystals, and both anions and cations in ILs can
promote the breakage of H-bonds."> So far, approximately 300
kinds of ILs have been tested experimentally for dissolving
lignocellulosic biomass.'*™"* After the cellulose is dissolved in
ILs, it can be regenerated from the cellulose/ILs/antisolvent
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Figure 1. Electrostatic potential surface of optimized (a) cellobiose, (b) Bmim, (c) OAc, and (d) H,O (isovalue = 0.0004 a.u.).

for further treatment. However, the study of cellulose
regeneration is far less than dissolution.

Regenerated cellulose by coagulation with antisolvent is an
important pathway for the industrialization of cellulose
materials. Regenerated cellulose has high crystallinity and
smoother surface morphology and does not generate static
electricity easily, making it ideal for clothes. The stretching
property can greatly improve the c?rstallinity and orientation
of fibers with high thermal stability.'** Zhu et al. used sol—gel
technology to prepare regenerated cellulose membranes, and
the mechanical properties of regenerated cellulose membranes
are significantly improved due to the formation of H-bonds.”'
Hauru et al. measured the threshold of cellulose regeneration
by water using nephelometry and rheometry and found that
Kamlet—Taft (KT) parameters remain almost constant at 20—
100 °C, even at different water contents.”* At present, most of
the research on cellulose is focused on the yield and properties
of cellulose regeneration. However, the microscopic mecha-
nism of cellulose regeneration, the interactions between ILs
and antisolvents, and the roles of antisolvent in cellulose
regeneration have not been revealed yet.

With the rapid development of computer technology,
computational modeling methods such as MD, ab initio, and
density functional theory (DFT) calculations have been
successfully applied to the transformation mechanism of
lignocellulose in ionic liquids.”*~** Payal et al. investigated
the structures and dissolution mechanism for cellobiose and
xylan in ILs by DFT calculations in the gas phase and implicit
and explicit solvents, and proposed inter-/intramolecular H-
bonds play an important role in the dissolution.”® Zhao et al.
reported the effect of cosolvents on the solubility of cellulose in
imidazolium-based IL systems by influencing H-bond inter-
actions using MD and quantum chemistry calculations.”” Liu et
al. reported binary and ternary mixtures of 1-ethyl-3-
methylimidazolium acetate with water and a cellulose oligomer
by MD simulations, and they proposed that the introduction of
water changes the structural organization of ILs and disrupts
the interactions between ILs and cellulose.”® The regeneration
mechanism of cellulose in the cellulose/IL mixture has
important theoretical guiding significance for the selection of
suitable antisolvents. As one kind of efficient IL for cellulose
dissolution and regeneration, 1-butyl-3-methylimidazolium
acetate (BmimOAc) has been successfully used in the
utilization of lignocellulose.zg’}0 However, the regeneration
mechanism of cellulose in the BmimOAc and water mixed
system remains ambiguous.

In this work, as a common IL in the dissolution of cellulose,
BmimOAc is used to study the effects of water on the

regeneration of cellulose. Due to the limited computational
capacity by using DFT calculations, cellulose is modeled by
cellobiose, which consists of glucopyranose units by covalent
p-1,4-glycosidic bonds.”"** We mainly study the roles of water
in the BmimOAc and cellulose-ILs system. A series of
BmimOAc-nH,0 (0 < n < 6) clusters were optimized to
reveal the roles of water in ILs. The geometries, interaction
energies, and H-bonds of ILs/water clusters were analyzed. To
further reveal the regeneration mechanism of cellulose, a series
of cellobiose-OAc-nH,O and cellobiose-Bmim-nH,0 (0 < n <
6) complexes were analyzed by the geometries and interaction
energies. In addition, the quantum theory of atom in molecules
(AIM) and independent gradient model based on Hirshfeld
partition (IGMH) analysis were used to distinguish the
bonding properties of the cellobiose-ILs-nH,0O conformations.
The regeneration mechanism of cellulose in BmimOAc/water
mixtures was preliminarily proposed by DFT calculations, and
the microscopic mechanism of cellulose regeneration can
provide a certain theoretical basis for the utilization of
cellulose.

2. COMPUTATIONAL METHODS

In this work, the geometry optimizations of the BmimOAc-
nH,O (n = 0—6) clusters and cellobiose-ILs- nH,0 (0 < n <
6) were performed using the DFT method with the M06-2X-
D3 hybrid exchange-correlation functional and the def2SVP
basis set as implemented in the Gaussian 09 package.” In the
MO06-2X-D3 method, the D3 term represents a dispersion
correlation and is appropriate for the lignocellulose and IL
system.”* ™ Vibrational frequencies were also calculated to
verify the stationary structure for all conformations. It is known
that the M06-2X-D3/def2SVP level is an excellent compromise
between computational cost and accuracy of the computational
results.”” To get more accurate data in the energy, single-point
calculations were performed with 3-zeta basis set in the M06-
2X/def2TZVP level’®*? and the diffusion functions (M06-2X/
ma-TZVP). Also, the ma-TZVP basis set defined for the atoms
referred to in this work was taken from Truhlar’s group.”” The
binding energy (AE,) in different computational levels
corrected by the basis set superposition error (BSSE) of the
complexes is defined as follows:

AE, = E - E

—E —E

‘anion

complexes cellobiose cation —nE H,0

+ AEgg: (1)

where in the BSSE, three fragments were separately defined as
cellobiose, anion/cations, and water molecules in the

https://doi.org/10.1021/acsomega.2c04915
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Figure 2. Optimized structures of the contact ion pairs (CIPs) and solvent-separated ion pairs (SIPs) for BmimOAc-nH,0 (n = 0—6) clusters.
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Figure 3. (A) Intramolecular bond r¢..y; (C3—H6) of Bmim; (B) intermolecular bond r¢y..o (C3—H6--025) and rcy..o (C3—H6 and the nearest

oxygen of H,0); (C) total binding energies at the M06-2X/ma-TZVP//M06-2X-D3/def2SVP level for BmimOAc-nH,O (n = 0—6) clusters based
on DFT calculations.

cellobiose-ILs-nH,O structures. In addition, the bond charac- by cellobiose due to the limited computational capacity by
teristics of the cellobiose-ILs-nH,O conformations were using DFT calculations. Cellobiose and H,O have dually
further illustrated by the quantum theory of atom in molecules negative and Positive to Provide H-bond donors and acceptors'
(AIM),""** and the topolo§ical properties were performed To investigate the cellulose regeneration in ILs and antisolvent
with the Multiwfn program.” mixtures, we studied the microscopic interaction of BmimOAc-
nH,O and cellobiose-ILs-nH,0O (0 < n < 6) clusters. Also, we
3. RESULTS AND DISCUSSION will discuss the geometrics, interaction energies, and the
As a useful tool to predict the most plausible sites for the analysis of H-bonds infra.
electrophilic and nucleophilic attack, quantitative molecular 3.1. Interactions between ILs and nH,0 (0 < n < 6).
surface analysis of electrostatic potential (ESP)**** of the The water can be absorbed by most of the ILs in the
molecules used in this work is listed in Figure 1. OAc has atmosphere.46 It is a hot topic to investigate the ILs and H,O
negative ESP, and Bmim has positive ESP, which are system not only in the cellulose regeneration but also in the
concentrated on the imidazolium rings. Cellulose is modeled basic properties of ILs."”** To investigate the interactions

42172 https://doi.org/10.1021/acsomega.2c04915
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Table 1. Comparison of BSSE (a.u.) and Binding Energies AE, (kcal/mol) of BmimOAc- nH,O (n = 1—6) at the M06-2X-D3/
def2SVP, M06-2X/def2TZVP//M06-2X-D3/def2SVP, and M06-2X/ma-TZVP//M06-2X-D3/def2SVP Levels

M06-2X/def2TZVP//M06-2X-D3/

M06-2X-D3/def2SVP

def2SVP M06-2X/ma-TZVP//M06-2X-D3/def2SVP

structure BSSE AE,

CIP 0.0163 —105.18
CIP + IW 0.0099 —127.29
CIP + 2W 0.0183 —136.85
CIP + 3W 0.0340 —149.58
CIP + 4W 0.0410 —166.48
SIP + 4W 0.0379 —165.94
CIP + SW 0.0474 —178.50
SIP + SW 0.0415 —184.25
SIP + 6W 0.0469 —197.39

BSSE AE, BSSE AE,

0.0028 —102.95 0.000S —102.15
0.0046 —115.95 0.0016 —115.36
0.0058 —126.25 0.0022 —125.76
0.0093 —140.22 0.004S —139.33
0.0106 —155.26 0.0054 —154.11
0.0087 —153.78 0.0063 —151.22
0.0121 —164.48 0.0065 —162.94
0.0091 —167.95 0.0060 —165.16
0.0110 —178.74 0.0070 —176.01

between ILs and antisolvents, we calculated the micro-
structures of BmimOAc-nH,0 (n = 0-6) through DFT
calculations. In the IL-antisolvent structures, there are two
kinds of dominant forms, which are contact ion pairs (CIPs)
with strong anion—cation interactions and solvent-separated
ion pairs (SIPs) with strong ion—solvent interactions.””*" A
series of BmimOAc-nH,O (n = 0—6) clusters from different
initial guesses were optimized. The structures and energies are
listed in Figure S1 and Table S1, respectively. The interaction
energy of OAc attacking the C3—H6 and butyl of imidazolium
is stronger than the others. Based on this structure, one water
molecule was placed around the OAc due to the strong
interactions between OAc and H,O. The water molecules were
added one by one based on the structure of the previous one.
To reveal the roles of water molecules in the interactions of
anions and cations, the selected CIP and SIP structures of
BmimOAc-nH,0 (n = 0—6) clusters are shown in Figure 2.
The H-bonds formed between hydroxyls of cellulose and ILs
are the driving force for cellulose dissolution, and the
competitiveness of H-bonds formed between solvent resistance
and ILs is the key to cellulose regeneration.”™*" Initially, the
CIP structures predominated due to the strong electrostatic
interaction between Bmim and OAc. With the increasing
number of water molecules in the BmimOAc-nH,0 (n = 0—6)
clusters, the SIP structures dominate when #n > 5. In addition,
the corresponding structural and energy characteristics of the
BmimOAc-nH,0 (n = 0—6) clusters are shown in Figures 2
and 3. For the CIP structure, strong H-bonds can be formed
between Bmim and OAc with rcy..o (C3—H6--025) about
1.54 A. When n = 1, 2, and 3 in the BmimOAc-nH,0 (n = 0—
6) clusters, the length of intermolecular bonds (C3—H6:
025) are 1.65, 1.79, and 1.99 A, respectively. Therefore, it can
be found that the H-bonds between anions and cations will be
decreased by adding the water molecules. For the intra-
molecular bond rc.y (C3—H6) of Bmim in the BmimOAc-
nH,0 (n = 0—6) clusters, the rc.; of Bmim in the CIP
structure is 1.16 A. When n = 1, 2, and 3, the bond lengths
(rc.y) of Bmim are 1.14, 1.12, and 1.10 A, respectively.
Hence, the bond length of the imidazole ring (C3—H6) will be
decreased with the rising number of H,O. In the previous
study on the 1-ethyl-3-methylimidazolium acetate (EmimOAc)
and water clusters,>* a similarity arises for the inter- and
intramolecular bonds with BmimOAc. It further verified that
the change of the cation structure provides no new scientific
knowledge in relation to the IL/water calculations as the alkyl
chain plays no significant role in the hydrogen bonding.

Truhlar et al. provided some validations and recommended
the ma-TZVP basis set for general-purpose applications of
diffusion functions.” To compare the influence of diffusion
functions on the binding energies, a single-point calculation
was carried out with the M06-2X/ma-TZVP level. The BSSE
and binding energies of BmimOAc- nH,0 (n = 1—6) with
different levels are listed in Table 1. Taking the data of CIP for
an example, the binding energies with M06-2X-D3/def2SVP,
MO06-2X/def2TZVP// MO06-2X-D3/def2SVP, and M06-2X/
ma-TZVP// M06-2X-D3/def2SVP corrected with BSSE are
—105.18, —102.95, and —102.15 kcal/mol. The binding energy
with diffusion functions (M06-2X/ma-TZVP) is smaller than
that of MO06-2X/def2TZVP. The trends of MO06-2X/ma-
TZVP//M06-2X-D3/def2SVP and MO06-2X/def2TZVP//
M06-2X-D3/def2SVP are similar. Payal et al. reported the
structure and dissolution mechanism for cellobiose and xylan
in the gas phase and implicit and explicit solvents (water,
methanol, and 1,3-dimethylimidazolium acetate).”® They
found that the polarization effect is seen to reduce the energy
due to the dielectric constant of the solvent, but the
conformers follow the same trend in energy as in the gas
phase. Furthermore, the calculated binding energies for all of
the conformations in the M06-2X/ma-TZVP//M06-2X-D3/
def2SVP level are plotted in Figure 3C. The binding energy of
BmimOAc at the M06-2X/ma-TZVP//M06-2X-D3/def2SVP
level is —102.15 kcal/mol. When n = 1, 2, and 3 in the
BmimOAc-nH,0 (n = 0—6) clusters, the binding energies are
—115.36, —125.76, and —139.33 kcal/mol, respectively. Based
on the binding energies of the BmimOAc-nH,O (n = 0—6)
clusters, the BmimOAc tended to be a more stable structure
with high hydration in an aqueous solution. For the
conformations with five or more water molecules, the SIPs
are more favorable in BmimOAc/water mixtures. Energy
decomposition analysis is a useful tool to investigate the
contributions of various energetic components in total
interaction energy.33 To decompose the interaction energies
of the complexes, symmetry-adapted perturbation theory
(SAPT)>* was calculated by using Psi4.>> The interaction
energies could be further separated into four components and
defined as follows:

AE = Ey + E,, + E,q + Egg, keal/mol 2)

where Ey, E., Ejng and Eg, are the classic electronic
interaction, exchange repulsion term, induction term, and
dispersion energy, respectively. The energy decomposition
analyses of ILs-water for BmimOAc-nH,O0 (n = 1-6)
structures are presented in Figure 4. Taking the BmimOAc-

https://doi.org/10.1021/acsomega.2c04915
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160 Therefore, cellulose will be regenerated when the water
120_’ —®-E,eE, e molecules were added to the system.
] 3.2. Interaction among Cellobiose, Anion/Cation, and
80 nH,0 (0 < n < 6). 3.2.1. Geometrics and Interaction Energy
1 of Cellobiose-Anion/Cation-nH,O (0 < n < 6). H-bonds
5 404 formed between the hydroxyls of cellulose and both anions and
£ o | cations are the driving force for cellulose dissolution.
= i
k) ] Initially, the structures of cellobiose-OAc and cellobiose-Bmim
> 0] from different initial guesses (Figures S2 and S3) are optimized
'g 1 at the M06-2X-D3/def2SVP level, and the interaction energies
W -804 are listed in Tables S2 and S3. The most stable conformations
120 are identified by frequency analysis. It can be found that the
] interaction energies of cellobiose-OAc appear to be much
-160 .\.\' stronger when the H-bonds are formed between the O of OAc
T T T T T T T ! and O2H2, O3Ha3 sites of cellobiose ,which is consistent with

n (H,0)

Figure 4. Energy decomposition of interaction energies (in kcal/mol)
for BmimOAc-nH,0 (n = 1-6).

H,O for an example, the electronic interaction, exchange
repulsion term, induction term, and dispersion energy are
—29.65, 30.82, —10.37, and —4.81 kcal/mol, respectively. The
electronic interaction and exchange repulsion term occupied
about 40% of the total binding energy. For the BmimOAc-
2H,0, the electronic interaction, exchange repulsion term,
induction term, and dispersion energy are —45.90, 42.19,
—12.99, and —7.71 kcal/mol, respectively. With the increasing
numbers of water molecules in the BmimOAc-nH,O (n = 1—
6), both the induction term and dispersion energy have an
increasing tendency. The sum of electronic interaction and
exchange repulsion terms as well as the increasing induction
and dispersion terms caused the increase of binding energy. In
addition, H-bonds can be formed between water molecules
and ILs to reduce the interaction of cellulose and ILs.

the results reported in the theoretical study of cellulose
dissolution.”®*” Also, the aromatic protons in the imidazolium
cation, especially the most acidic H2, prefer to associate with
the O of hydroxyls with less steric hindrance.”

To investigate the role of antisolvents, we studied the
cellobiose-ILs complexes with the increasing quantity of H,O
based on the strongest interaction structures of cellobiose-OAc
(Figure SA) and cellobiose-Bmim (Figure 6A). For the
cellobiose-OAc, H-bonds can be formed between the oxygen
of OAc and the hydroxyl of cellobiose. The lengths of O52--
H15—014 and OS51---H13—012 bonds are 1.49 and 1.61 A,
respectively. With the increasing number of water molecules in
the cellobiose-OAc-nH,O (n = 0—6) clusters, the lengths of
052---H15—014 and OS51---H13—012 bonds are collected in
Figure 7A. It can be found that the interaction between OAc
and cellobiose can be weakened with the addition of water
molecules. When # = 4 in the cellobiose-OAc-nH,O clusters,
the bond lengths of 052---H15—014 and OS1---H13—012 are
1.60 and 3.39 A, respectively. The water molecule was inserted
into the OS51--H13—012 bond to separate OAc and cellulose.
For the structure of cellobiose-Bmim, H-bonds can be formed

oad® 05 ’J ’,"‘051
0-‘2./ HI3 I 05’
~— ol T ol 0144 1012
(A) Cel-OAc (B) Cel-OAc-H,O
S@ o5l

)
: .J‘z M
’(J)sz.’ ‘J’ ‘Josz 2031

d.

(E) Cel-OAc-4H,0

4 Lo oud o
‘J 6 5 012

(F) Cel-OAc-5H,0

> ‘J ’ *g”
L 20524 051
2., 0;2,}. 051 ,_’_,J Q“.
R o H, @
012 L0129

014 a J
@2

(C) Cel-OAc-2HO (D) Cel-OAc-3H,0

{}'J

Q0351
98 2o
90
O‘S'J d ‘J \ Oz

014!

(G) Cel-OAc-6H,0

Figure 5. Optimized structures (A—G) for cellobiose-OAc-nH,0 (n = 0—6) complexes at the M06-2X-D3/def2SVP level.
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OAc/Bmim-nH,0 complexes based on DFT calculations (n = 0—6).

between the C2—H of Bmim and the oxygen of cellobiose. The
lengths of O36---HS1—C48 and O34---HS51—C48 are 2.10 and
227 A, respectively. With the increasing number of water
molecules in the cellobiose-Bmim-nH,0 (n = 0—6) clusters,
the lengths of 036---H51—C48 and O34---H51—C48 bonds as
well as the structures are summarized in Figure 7B and Figure
6, respectively. It could be found that the length of H-bonds
formed between Bmim and cellobiose will be increased with
the addition of water molecules. Taking the cellobiose-Bmim-
3H,0 structure as an example, the lengths of 036---H51—-C48

42175

and O34--HS1—-C48 are 3.83 and 2.62 A, respectively.
Therefore, the H-bonds formed among cellobiose, anions,
and cations will be weakened after the addition of water
molecules, resulting in a decrease in cellulose dissolution and
achieving cellulose regeneration. In addition, the binding
energies corrected by BSSE of cellobiose-Bmim-nH,0O and
cellobiose-OAc-nH,0 (n = 0—6) clusters with the M06-2X/
ma-TZVP//M06-2X-D3/def2SVP level are shown in Figure
7C. When n = 0, the binding energies of cellobiose-Bmim and
cellobiose-OAc are —20.36 and —49.37, kcal/mol. The
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interaction energies of cellobiose-OAc-nH,O are stronger than
that of cellobiose-Bmim-nH,O with the same water molecule.
With the increasing numbers of water in cellobiose-OAc-nH,0
(n = 0—6) clusters, the binding energies are —49.37, —63.04,
—73.63, —88.83, —99.89, —116.38 and —129.24 kcal/mol,
respectively. The cellobiose-ILs tend to be a more stable
structure with high hydration in an aqueous solution.

3.2.2. AIM Analysis of Cellobiose-Anion/Cation-nH,0 (0 <
n < 6). To discuss the bonding properties of the
intermolecular interactions of the cellobiose- anion/cation-
nH,O clusters, atom in molecules theory (AIM) analysis was
employed to reveal the chemical bonds of the interaction in
this part. AIM analysis is a universally applicable tool that can
clarify many types of interactions by the topological properties
at the bond critical points (BCP).°“"®" Lipkowski et al.
proposed two topology criteria, which were the electron
density (ppcp) and Laplacian of electron density (Vpycp) for
the existence of H-bonds in the closed shell when the pgcp is in
0.002—0.034 au. and V?pyep is in 0.024—0.139 au.”
Different kinds of H-bonds were considered to be formed in
terms of V2pycp and Hycp (weak H-bonds, V2pycp > 0, Hpep >
0; medium H-bonds, V?pycp > 0, Hyep < 0; and strong H-
bonds, V2pgep < 0, Hpep < 0).°* Half of the potential energy
density (V(r)) was the energy of H-bonds [X—H--O (X = C,
N, 0)].° Based on the results of the AIM analysis, the value of
Prcpy V2Ppepy and Hycp of the H-bonds in Cel-OAc-nH,O and
Cel-Bmim-nH,0O clusters calculated at the MO06-2X-D3/
def2SVP level are summarized in Table 2. In the conformation
of Cel-OAc, the pgcp of 052:-H15—014 and OS1---H13—
O12 are 0.079 and 0.055 a.u., respectively. When the water
molecule was added to the system, taking the Cel-OAc-H,O
for an example, the H-bonds (O52---H15—014 and OS51-
H13—012) formed between OAc and the hydroxyl of cellulose
will be decreased. Furthermore, H-bonds can also be formed
between the H,O and OAc due to the pycp of the O52---HS55—
053 bond being 0.032 au.. Therefore, the interactions
between cellulose and OAc will be weakened with the addition
of water molecules. For the Cel-Bmim-nH,O clusters, H-bonds
and van der Waals force interactions are the main interaction
patterns between cellulose and cations. Taking the Cel-Bmim
structure as an example, the energies of C48—H51:--O36 and
C48—H51:--034 H-bonds (half of the V(r)) are —0.0055 and
—0.0073 a.u.. When the water molecules were introduced into
the cellulose—cation system, H-bonds will be formed between
the hydroxyl of cellulose and H,O. In the Cel-Bmim-H,O
structure, the energy of the H-bond (O71-H73--036)
formed between H,0 and the hydroxyl (cellulose) is
—0.0104 a.u.. The H-bonds formed between cellulose and
Bmim will be decreased because the energy of C48—HS1--
036 and C48—HS51:--O34 are —0.0036 and —0.0068 a.u.. So,
the water molecule will hinder the interaction of cellulose and
ILs by forming H-bonds with the hydroxyl of cellulose and ILs
to make the cellulose regeneration.

3.2.3. IGMH Analysis of Cellobiose-Anion/Cation-nH,0 (0
< n £ 6). As a practical tool for investigating noncovalent
interactions, independent gradient model (IGM) analysis has
been popular in the visual analysis of intramolecular and
intermolecular interactions.°*®” However, there are some
shortcomings of the IGM map such as the bulgy isosurfaces
and poor graphical effect. As a new method for visualizing the
interactions in chemical systems, the independent gradient
model based on Hirshfeld partition (IGMH) replaced the free-
state atomic densities involved in the IGM with atomic

Table 2. Electron Density (ppcp), Laplacian of the Electron
Density (V*pgcp), Energy Density (Hycp), and Potential
Energy Density (V(r)) of Cel-OAc-nH,0 and Cel-Bmim-
nH,0 (0 < n <2) (au.)

) I'_Igacp
Vipgep (107° auw) V(r)

structure H-Bond PBCP
Cel-OAc 052--+-H15— 0.079 0.145 —26.685 —0.090
014
OS51--H13— 0.055 0.164 —5.500 —-0.052
012
Cel-OAc- 052---H15— 0.077 0.157 —23.861 —0.087
H,0 014
O51--H13— 0.052 0.160 —3.656 —0.047
012
052---HS5— 0.032 0.115 1.870 —0.025
053
Cel-OAc- 052---H15— 0.061 0.170 -9.023 —0.061
2H,0 o14
OS51---H13— 0.043 0.149 0.505 —0.036
012
052---H55— 0.030 0.107 1.704 —-0.023
053
043---HS54— 0.023 0.075 0.122 —-0.018
053
Cel-Bmim C48—HS1--- 0.014 0.050 0.752 —-0.011
036
C48—HS1--- 0.019 0.063 0.670 —-0.015
034
Cel-Bmim- C48—HS1--- 0.010 0.036 0.871 —0.007
H,0 036
C48—HS1--- 0.018 0.059 0.508 —-0.014
034
O71-H73- 0.027 0.105 2.701 —0.021
036
Cel-Bmim- C48—HS1--- 0.009 0.028 0.495 —0.006
2H,0 034
O71-H73-- 0.026 0.102 3.016 -0.019
036
074—-H76- 0.028 0.099 1.683 —0.021
036

densities derived by Hirshfeld partition.68 IGMH has a better
graphical effect than IGM and overcomes known problems in
IGM. The intermolecular interaction isosurface based on IGM
and IGMH is plotted in Figure S4 and Figure 8. Taking the
structure of Cel-OAc as an example (Figure 8A), two blue
isosurface areas around the oxygen of OAc and hydroxyl of
cellulose indicate that strong H-bonds can be formed between
the cellobiose and anions. There is also a -stacking around the
ring of the glucose unit with OAc. Furthermore, the isosurface
area of IGMH with the same isovalue is smaller than that of
IGM. IGMH has a better capacity than IGM in revealing
chemical bond interactions since actual electron density is
involved in the definition of IGMH. In the cellobiose-OAc-
H,O structure (Figure 8B), another two isosurface areas
around H,O can be found. It shows that H-bonds can be
formed among H,O, hydroxyl (cellulose), and oxygen (OAc).
For the IGMH analysis of the cellobiose-Bmim structure
(Figure 8D), H-bonds can be formed between the C2—H of
imidazole and hydroxyl of cellulose, and there is also a large
area for the van der Waals interaction around the alkyl chain of
Bmim and cellulose. With the addition of water molecules, the
water molecules tend to form H-bonds with the hydroxyl of
cellobiose to separate the interactions of cellobiose and Bmim.
It can be concluded that the water molecules can form H-
bonds with the hydroxyl of cellobiose and OAc to reduce the
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Figure 8. Intermolecular interaction isosurface of (A—C) cellobiose-

Bmim-nH,0 (n = 0—2) (isovalue = 0.00S a.u.). Blue indicates strong
indicates the steric effect.
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Figure 9. Optimized structures (A—F) of Cellobiose-BmimOAc-nH,0 (n = 0—5) complexes at the M06-2X-D3/def2SVP level.

interactions of cellulose-ILs. Therefore, the cellulose will be
regenerated when the waters were brought into the system.
3.3. Interaction among Cellobiose, ILs, and nH,0 (0 <
n < 6). Single ions are the threshold to understand the
cellulose regeneration in ILs and antisolvent mixtures. Also, the
anions and cations may appear in the form of ion pairs due to
the strong electrostatic interactions in the real IL system.’” To
investigate the regeneration of cellulose in the ILs/H,O
mixture, we optimized a series of cellobiose-BmimOAc-nH,O
(n = 0—6) clusters at the M06-2X-D3/def2SVP level. Similar
to the structures of cellobiose-anions/cations-nH,0O, some
selected structures of cellobiose-ion pairs-nH,O are shown in
Figure 9. In addition, the length of H-bonds formed between
anion/cation and cellobiose as well as the binding energy of
cellobiose-BmimOAc-nH,0 (n = 0—6) with the increasing

number of water molecules are shown in Figure 10. Initially,
H-bonds formed between the hydroxyls of cellobiose and the
oxygens of OAc (0S52-+-H15—014 and O51---H13—012) are
1.51045 and 1.55869 A, respectively. With the increasing
number of water molecules in the cellobiose-BmimOAc-nH,0
clusters, the bond lengths of H-bonds formed between
cellobiose and OAc tend to increase. Because of the slant of
OAc, the bond length of H-bonds formed between cellobiose
and one of the oxygen of OAc was shortened. The lengths of
H-bonds formed between cellobiose and Bmim were elongated
by the water molecules inserted in the system. Therefore, the
interactions between cellobiose and ILs were weakened with
the increase of water molecules and it will be beneficial for
cellulose regeneration. In addition, the binding energies
corrected by BSSE of cellobiose-BmimOAc-nH,0 (n = 0—6)
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Figure 10. (A) Bond length of H-bonds formed between cellobiose and OAc in cellobiose-BmimOAc-nH,0; (B) bond length of H-bonds formed
between cellobiose and Bmim in cellobiose-BmimOAc-nH,0; (C) total binding energies for cellobiose-BmimOAc-nH,0O complexes at different
levels (M06-2X-D3/def2SVP and M06-2X/ma-TZVP//M06-2X-D3/def2SVP) corrected by BSSE (n = 0—6).

clusters with M06-2X-D3/def2SVP and M06-2X/ma-TZVP//
M06-2X-D3/def2SVP levels are shown in Figure 10C. The
binding energy in M06-2X/ma-TZVP//M06-2X-D3/def2SVP
was smaller than that of M06-2X-D3/def2SVP. However, the
tendency with different levels is similar. With the increasing
numbers of water molecules, the binding energies become
stronger than the previous one. Furthermore, H-bonds can be
formed among H,0, the hydroxyl of cellulose, and the oxygen
of OAc based on the optimized structures of cellobiose-
BmimOAc-nH,O (n = 0—6) clusters. The water molecules
were introduced into the system and hindered the interaction
of cellulose and ILs to make the cellulose regeneration.

4. CONCLUSIONS

In this work, the cellulose regeneration mechanism in a
BmimOAc/water mixture was studied by density functional
theory (DFT) calculations. It could be found that contact ion
pairs (CIPs) are the main structures in the BmimOAc-nH,0
(0 < n < 4) clusters. When n > § in the BmimOAc-nH,0
clusters, the solvent-separated ion pairs (SIPs) play a dominant
position in the system. With the increasing numbers of water
molecules, the cation—anion interaction can be separated by
water to reduce the effects of ILs on cellulose dissolution.
Furthermore, the BmimOAc-nH,O and cellobiose-IL (n = 0—
6) complexes tend to be a more stable structure with high
hydration in an aqueous solution. When the antisolvent is
added to the system, H-bonds can be formed among H,O, the
hydroxyl of cellulose, and the oxygen of OAc. Therefore, the
interactions between cellobiose and ILs will be decreased to
promote cellulose regeneration. Overall, insightful structural
properties for the cellulose regeneration in BmimOAc/H,0
mixtures at a microscopic level are provided in this work. It
would provide some basic aid to understand the mechanism of
cellulose regeneration in antisolvents.
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