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Abstract According to the Kamlet-Abraham-Taft (KAT) polarity parameters (a, 8, 1), polymers and solvents can be categorized as hydrogen-
bond (H-bond) acidic (a>f) or H-bond basic (a<f). Recently, we proposed a quantitative hydrogen bonding (QHB) analysis to predict the
solubility of polymers in ionic liquids (ILs) using the product of AaAB<0 as an indicator, where Aa is the difference between the H-bond acidic
parameters of the polymer and IL, and A is the difference in their basicity, while the prerequisite of the “complementary” principle (i.e., that one
component is H-bond acidic and the other is basic) is satisfied. Here, the applicability of QHB analysis was first confirmed by testing the solubilities
of carefully chosen polymer/deep eutectic solvent (DES) pairs, as the DESs were eutectic mixtures dominated by hydrogen bonding interactions.
Then, our attention focused on the solubility of cellulose in DESs. Our testing results as well as the typical published results were summarized,
which indicate that the potential DESs for cellulose dissolution and regeneration must be of the H-bond basic type because the “complementary”
principle should be satisfied as a prerequisite. However, the H-bond basic DESs investigated in this study do not show the superior solubility of
cellulose that has been commonly observed for H-bond basic ILs, even if the criterion of AaAB<O0 is satisfied for both DESs and ILs. Possible

reasons for this discrepancy are given to understand the varying effectiveness in cellulose dissolution for H-bond basic DESs and ILs.
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INTRODUCTION

Polymer dissolution in solvents is always an important area
attracting considerable interest from researchers in polymer
science and engineering because in many applications,
polymers are directly utilized or further modified/processed in
the form of solution'! Knowledge about the physical
chemistry of polymer solutions is also an important theme for
the foundation of polymer science.™ Currently, many physical
parameters of polymers still have to be characterized using their
solutions, such as measuring the molecular weight and
molecular weight distribution using gel permeation
chromatography (GPC) and detecting the branching lever of
polyolefins using nuclear magnetic resonance (NMR)
spectroscopy.

It is well accepted that Flory-Huggins theory for dilute solu-
tions (Eq. 1) is the cornerstone to understand and predict the
solvation process for polymers and the phase behavior of
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polymer solutions.! In this theory, the free energy of mixing
(AG,,) is composed of entropy (—TAS,,) and enthalpy (AH,,)
terms, which is written as follows:

AGy, =—=TAS,, + AH,

=KT(Ing, + 12Ing,) + KT(x9, 9.)

where ¢, and ¢, are the volume fractions of solvent and
polymer, respectively; N, is the ratio of the molar volume of
polymer to that of solvent and is proportional to the degree of
polymerization; x is called the Flory-Huggins interaction
parameter, which is proportional to (6, — 8,)%/RT, and 6p and &,
are the so-called Hildebrand solubility parameters for polymer
and solvent, respectively. During the dissolving process for the
polymer, the entropy change (AS,,>0) always favors the mixing
of the polymer and solvent, but its value is usually small, and the
free energy change is mainly controlled by the enthalpy term.
An effective interaction parameter . can be adopted to
account for the nonideality of real polymer solutions.”) When
Xe<0, the enthalpy item also favors the dissolution of the
polymer in the selected solvent. If there is a way to predict the
sign of X the solubility of a polymer/solvent pair can be
forecast.

Recently, we proposed a quantitative hydrogen-bonding

(1)
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(QHB) analysis method to access and help to predict the solu-
bility of polymers in room-temperature ionic liquids (ILs).[!
This method is based on the Kamlet-Abraham-Taft (KAT) po-
larity parameters, which have been extensively used for cha-
racterizing different types of solute/solvent interactions.’-9!
The KAT polarity parameters in a simplified form of linear
solvation energy relationship (LSER) is given by:[19

(XYZ) = (XYZ)o + sm* + aa + bf 2)
where (XYZ) is the solvent-dependent physico-chemical
property determined for a variety of solvents, (XYZ), is the same
property for a reference medium (e.g., gas phase or inert
solvent), a, denoting the hydrogen-bond (H-bond) donating
ability or acidity, 8, denoting the H-bond accepting ability or
basicity, 7", a mixed parameter representing the polarizability
and dipolarity, s, a, and b are solvent-independent coefficients
reflecting the related influence of the 77, a-, and f-components,
respectively, upon (XYZ). The polarity parameters, a, §, and ¥,
are usually obtained using the so-called solvatochromic
comparison method.”'"'2 Polymers and ILs can be categorized
as either H-bond acidic (a>B) or H-bond basic (a<p). First, the
“complementary” requirement, ie, one H-bond acidic
component and another basic component, must be fulfilled to
dissolve the polymer in a selected IL. Then, if the product of
AalAB<0, where Aa = ap — o, and AB = Bp — By, the IL usually
exhibits satisfying solubility for the tested polymer. Strictly
speaking, the change of hydrogen bonding interaction energy
for the dissolving of polymer in an IL should be (Aay 8p + Bayy) -
(CapBp + Day By), where A, B, C and D are coefficients according
to Eq. (2)."%) However, the good correlation of AaAB = —[(a, B +
agBi) — (apBp + Byl < 0 and the solubility of polymer/IL
mixtures suggests that the simplified relationship, (a,8p + apB,)
- (apBp + ayBy), can be used to approximately predict the
change of hydrogen bonding interaction energy for the mixing
of polymer/IL, ie, AaAB<0 generally indicates that the
hydrogen bonding interaction energy between the polymer
and IL is higher than the hydrogen bonding interaction energy
inside the components themselves. Because nonspecific (van
der Waals) and polar interactions are commonly weaker than
hydrogen bonding interactions in polymer/IL mixtures, QHB
analysis (AaAB) provides a simple but reliable way to predict the
sign of AH,, (i.e, Xe), and thus the solubility of a polymer/IL
mixture.

Deep eutectic solvents (DESs) are eutectic mixtures, typic-
ally composed of hydrogen bond acceptors (HBAs, e.g., qua-
ternary ammonium salts, and aromatic alcohols) and hydro-
gen bond donors (HBDs, e.g., carboxylic acids, amides,
amines, and polyols) at certain stoichiometric ratios.l'3-13I
They are considered as “designer” solvents that are alterna-
tives to ILs because they also exhibit negligible vapor pres-
sures at room temperature, and their physico-chemical prop-
erties can be fine-tuned by varying the starting HBA and HBD
components or simply altering their molar ratios. They have
extra advantages compared with ILs; for example, they do not
need any solvent and special purification steps during syn-
thesis, and they usually have low toxicity and cost, as the raw
materials for preparation are usually nontoxic and
abundant.'®! DESs, as new-generation solvents, show applica-
tion potential in many fields of polymer sciences, such as
polymer polymerization,['”! biomass fractionation,'8] and ion-

ic soft materials.'”) Most of these applications involve the dis-
solution of polymers in desired DESs. It is well accepted that
hydrogen bonding plays an important role in the depression
of melting points for HBA and HBD components and the
formation of DESs. On that account, it is believed that the
QHB analysis developed for polymer/IL mixtures can also
work well for predicting the solubility of polymers in DESs.

Here, the validity of QHB analysis was first evaluated by
testing the solubility of carefully selected polymer/DES pairs.
Then, attention was given to the solubility of cellulose in DESs
because most DESs adopted to dissolve cellulose materials
actually show no or very limited solubilities.[20-221 The QHB
analysis based on hydrogen bonding interactions can provide
a rational explanation.

RESULTS AND DISCUSSION

Evaluating the Applicability of QHB Analysis for
Polymer/DES Mixtures

First, the applicability of QHB analysis for polymer/DES mixtures
is evaluated by testing the solubilities of seven typical polymers
in carefully selected DESs. The details about the polymers used
in this study are provided in the electronic supplementary
information (ESI). The investigated polymers are listed in Table
S1 (in ESI) with the chemical structure and the KAT parameters
(a, B, ) for each polymer. According to the relative sizes of the
a and f values, the seven polymers can be categorized as H-
bond basic or H-bond acidic polymers. It should be noted that
the a values of H-bond basic polymers are zero or near zero,
indicating that there are more electronegative functional
groups in these polymers, which commonly act as proton
acceptors in forming hydrogen bonds.?*! Correspondingly, nine
DESs are chosen to pair with these polymers to prepare
solutions. Similarly, the DESs can also be categorized into H-
bond acidic DESs (Nos. 1-4 in Table 1) or basic DESs (Nos. 7-9 in
Table 1). Unlike ILs, some DESs have almost the same a and 8
values that can be called H-bond neutral DESs (Nos. 5 and 6 in
Table 1). Noted that the DESs investigated here are all the type
Il DESs without the component of metal halides,"? as there
might exist different types of interactions between polymers
and metal ions other than hydrogen bonding interaction for the
other three types of DESs. Moreover, the DESs are selected
mainly based on their a and 3 values. We try to keep the S
values invariant, while make the a values gradually change in a
relatively wide range for the selected H-bond acidic and H-bond
basic DESs, respectively. The chemical structures of the HBA and
HBD components used to synthesize these DESs are given
in Fig. 1. The hydrophilicity/hydrophobicity for every DES
according to its solubility in water is also provided in Table 1.
However, the hydrophilicity/hydrophobicity does not show any
distinct influence on the solubilities of the investigated
polymer/DES mixtures according to the solubility testing results,
as discussed below. The experimental details about the
preparation of DESs, and the dissolution conditions of the
selected polymers in these DESs can be found in ESI.

Poly(vinyl pyrrolidone) (PVP) possesses the highest 3 value
among the selected H-bond basic polymers (Table S1 in ESI).
It can be dissolved by both H-bond acidic and H-bond neu-
tral DESs no matter they are hydrophilic or hydrophobic, but
it is insoluble in all the H-bond basic DESs used in this study,
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Table1 The compositions and KAT parameters for DESs used to test the applicability of the QHB analysis method for polymer/DES mixtures.

* Hydrophilicity/

No. DES(HBA-HBD) 2 Molar ratio a B m Hydrophobicity Ref.
H-bond acidic
1 Menthol-OctA 1:1 1.77 0.50 0.41 Hydrophobic [12]
2 Menthol-LevA 1:1 1.56 0.58 0.66 Hydrophobic [12]
3 ChCI-EG 1:2 1.47 0.57 1.07 Hydrophilic [12]
4 Thymol-OctA 1:1 1.10 0.05 0.67 Hydrophobic [24]
H-bond neutral
5 ChCI-GIyA 1:2 0.49 0.50 1.08 Hydrophilic [12]
6 ChCl-LevA 1:2 0.51 0.57 1.00 Hydrophilic [12]
H-bond basic
7 TBAB-AP 1:2 0.27 0.88 1.08 Hydrophilic [25]
8 TBAB-AP 1:4 0.39 0.90 1.02 Hydrophilic [25]
9 MeaCl-DETA 1:4 0.54 0.90 1.06 Hydrophilic [25]

2 Names and abbreviations of HBAs and HBDs: choline chloride: ChCl; octoic acid: OctA; levulinic acid: LevA; glycolic acid: GlyA; ethylene glycol: EG;
tetrabutylammonium bromide: TBAB; 3-amino-1-propanol: AP; monoethanolammonium chloride: MeaCl; diethylenetriamine: DETA.

HBAS: C,Ho
OHCH ar CH + Br- HO
3 AN CH; -@_< 3 N ~SNYH, C
Hg,c—<:>—<CH3 HO SCH HsC o, C4H9/é CiH R
C4Ho
Menthol Chdl Thymol TBAB MeaCl
HBDs:
I O~ HyCa~ AN I
H3C/\/\/\/\OH OH 35 OH HO/\/OH
OctA EG LevA GlyA
HO/\/\NHZ HyN~~ NH/\/NHZ

AP

DETA

Fig.1 The chemical structures of the HBA and HBD components used to synthesize the DESs that are listed in Table 1.

even when the criterion of AaAB<O0 is satisfied (Table S2 in
ESI). Two other H-bond basic polymers, polyethylene oxide
(PEO) and polyvinyl acetate (PVAc), are also insoluble in the H-
bond basic DESs. Additionally, they are not soluble in the se-
lected H-bond neutral DESs. For PVAc, this can be ascribed to
both Aa and AB being less than zero, and the fact that
AaAB<0 requirement is not satisfied. However, for PEQ, its in-
solubility in the DESs formed by ChCl with GlyA and LevA, re-
spectively, does not satisfy the criterion of AaAB<0, as (Aq,
Ap) are (-0.49, 0.15) and (-0.51, 0.08) for two PEO/DES pairs. It
can be found that the two Af values are relatively small. Con-
sidering that the used KAT parameters are adopted from dif-
ferent references and are obtained by using different solvato-
chromic probes, an uncertainty of 0.1 or even more for KAT
parameters is very possible.l''l This is an unavoidable limita-
tion of the solvatochromic comparison method. The accuracy
of the QHB analysis is mainly determined by the accuracy of
KAT parameters adopted. As a suggestion, it is better to use
KAT parameters measured using the same sets of solvato-
chromic probes to ensure the predictive accuracy of QHB ana-
lysis. Taking the possible uncertainties of KAT parameters in-
to account, the insolubility of PEO in these two solvents is ac-
ceptable even as the QHB analysis predicts the solubility. On
the other hand, for all the tested H-bond acidic polymer/H-
bond acidic DES pairs, none are soluble regardless of wheth-
er or not the criterion of AaAB<O0 is satisfied. All these results
suggest that the “complementary” principle of solubility (one

component H-bond acidic and the other basic) we have previ-
ously found in polymer/IL mixturesld is also well applicable
for the polymer/DES mixtures studied here, while the H-bond
neutral DESs can be considered to exhibit duality, i.e., they
can be treated as either H-bond acidic or H-bond basic.

For all 13 pairs of H-bond basic polymer/H-bond acidic DES
examined here (Table S2 in ESI), only two pairs violate the
proposed AaAS criterion. One is PEO/ChCI-EG (insoluble), and
the other is PVAc/menthol-LevA (soluble). The values of (Aq,
AB) for the two mixtures are (—1.47, 0.08) (soluble as pre-
dicted) and (-1.56, —0.18) (insoluble as predicted), respec-
tively. The failure to predict solubility can also be ascribed to
the uncertainty in the adopted KAT parameters.

When we tried to seek H-bond basic DESs, it was found that
they are evidently less than the H-bond acidic DESs. In a typi-
cal DES, the molar percentage of the HBD component is com-
monly equal to or higher than that of HBA. Moreover, the HBA
component is usually an organic salt, which can also be con-
sidered to be composed of HBA (anion) and HBD (cation)
components. Thus, there are more functional groups inside a
DES that can play the role of proton donors, and thus, it is
prone to exhibit as H-bond acidic, which embodies a relati-
vely high a value. Although some research works have been
carried out to systemically study the influence of the types,
chemical structures, and molar ratios of HBA and HBD on the
polarities of different families of DESs, a general and detailed
delineation has not been obtained at present.[1226-28]
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The synthetic H-bond acidic polymers tested here,
poly(vinyl alcohol) (PVA) and poly(2-hydroxyethyl methac-
rylate) (PHEMA), can be easily dissolved by H-bond basic DESs
(dissolved polymer concentration 22.0 wt%) when the cri-
terion of AaAB<0 is well met. For microcrystalline cellulose
(MCQ), the situation is quite different. It is well known that cel-
lulose is difficult to dissolve due to the strong intra- and inter-
molecular interactions between cellulose chains and the res-
ulting high degree of crystallinity.2%! Both the high a (1.31)
and B (0.62) values of MCC suggest the strength of the hydro-
gen bonding interactions inside cellulose macromolecules.
For the three H-bond basic DESs listed in Table 1, only the
DES of MeaCl-DETA (1:4) shows a distinct dissolving capacity
for MCC. It can dissolve more than 2.0 wt% MCC after being
heated at 110 °C for 24 h. Less than 0.2 wt% MCC can be dis-
solved by the other two TBAB-based DESs under the same
conditions, although they should have considerable dissolv-
ing ability according to the (Aa, AB) values obtained for mix-
tures of MCC and TBAB-based DESs (Table S2 in ESI). More dis-
cussions about the solubility of cellulose in various DESs will
be given in the next section.

The solubility and the corresponding (Aa, AB) values for all
the tested polymer/DES pairs listed in Table S2 (in ESI), which
satisfy the “complementary” requirement, are depicted in the
AB-Aa coordinate system (Fig. 2) as we have done previously
for polymer/IL mixtures.ls! There should be four kinds of situ-
ations according to the combinations of solubility/insolubil-
ity and positive/negative AaAB values. The soluble
polymer/DES mixtures appear in the second and fourth quad-
rants when the criterion of AaAB<0 is fulfilled. Due to the rel-
atively high a values of DESs, there is no insoluble
polymer/DES pair, which satisfies the “complementary” prin-
ciple and simultaneously shows both positive Aa and A val-

Aa
H-bond acidic = PP
polymer A APEO
e o ePVAC
> 1L * PMMA
>
>
v PVA
&y ¢ PHEMA
e v » >MCC
\ \ \ 8 \ T I 3
-16 -12 -08 -04 0.4 0.8 1.2 116
00 AA mBE
-1r » A =
e & 1 H-bond basic
9 A = polymer

Fig. 2 The experimentally obtained solubilities compared with the
predicted results based on QHB analysis (AaAB) for all tested
polymer/DES pairs depicted in the AB-Aa coordinate system. The
tested mixtures that do not satisfy the “complementary” requirement
are not displayed here. There are four kinds of situations according to
the combinations of solubility/insolubility and positive/negative
AaAB values. They are presented with solid (hollow) symbols in blue
color and solid (hollow) symbols in red color; the solid (hollow)
symbols indicate the soluble (insoluble) situation in actual dissolution
experiments, and the blue (red) color denotes the experimentally
obtained solubilities agreeing (not agreeing) with the predicted
results based on AaAS.

ues. Thus, there are no polymer/DES data in the first quad-
rant. The polymer/DES pairs with both negative Aa and AS
values, which appear in the third quadrant, are all H-bond ba-
sic polymer/acidic DES mixtures. They should be insoluble,
with the only exception being PVAc/Menthol-LevA (-1.56,
—0.18). Based on the results presented in Fig. 2 and Table S2
(in ESI), it is confident to say that the QHB analysis based on
hydrogen bonding interactions between solute and solvent
also works well for justifying or predicting the solubility of
polymers in the DESs of type Il investigated in this study.
More experimental works are needed to verify that whether
the QHB analysis is applicable to the dissolution of polymers
in the other three types of DESs or not.

Solubilities of Cellulose in DESs

Looking for solvents for cellulose is an important task in the
fields of research and application of cellulose because cellulose
materials usually have to be dissolved for characterization,
modification, and processing.B3%31 A successful solvent or
solvent system should be able to effectively break the strong
intra- and inter-molecular hydrogen bonding interactions in
cellulose. For the KAT parameters of cellulose, both the a (1.31)
and B (0.62) values are very high, and a>f3 at the same time.
According to the criterion of AaAB<0, the potential solvents
should be strong H-bond basic solvents with 8 values larger
than that of cellulose.

In the past, many studies have been carried out to develop
and evaluate efficient DES solvents for cellulose and to scru-
tinize the dissolution mechanism.[2021.32331 However, most
DESs adopted in these studies are indeed H-bond acidic DESs,
which show no or very limited solubility for cellulose materi-
als, as listed in the upper part of Table 2, including many
ChCl-based DESs reported in the literature.

We also selected four H-bond acidic DESs to test their dis-
solving capacities for MCC (c.f,, Table 1 and Table S2 in ESI).
There was no sign of the dissolution of MCC with a concentra-
tion of 0.2 wt% in these DESs after the MCC/DES mixtures
were heated at 110 °C for 24 h. The white MCC powders in the
mixtures settled down very quickly to the bottom of the glass
bottles after the stirring was stopped (Fig. S1 in ESI).
Moreover, the light-yellow colors observed for some mixtures,
such as those in Figs. S1(b) and S1(d) (in ESI), are due to the
solvents themselves and are not caused by the long-time
heating or dissolution of cellulose.

TBAB-AP, as a kind of H-bond basic DES, were picked to
study their dissolving capacity for H-bond acidic polymers.
PVA and PHEMA showed good solubilities (2.0 wt%) in
TBAB-AP DESs with molar ratios of both 1:2 and 1:4, which
conformed to the prediction of QHB analysis very well.
However, MCC with a concentration of 0.2 wt% was only par-
tially dissolved in both solvents even after being heated at
110 °C for 24 h (Figs. 3a and 3b). The mixture of 0.2 wt%
MCC/TBAB-AP (1:4) was observed using a polarized optical
microscope (POM) before and after heating (Fig. S2 in ESI). It
is obvious that most of the crystallized MCC particles disap-
pear, but bright dots or areas are still observed indicating the
insoluble particles. The photos verify that MCC can be par-
tially dissolved in TBAB-AP (1:4). The results obtained from
POM observation are similar to those obtained for the other
three DESs based on tetrabutylammonium halite listed in
Fig. 3.
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Table2 Summary of KAT parameters of some typical DESs and ILs used to dissolve cellulose and the corresponding solubility.

DESs
HBA? HBD @ Molar ratio a B m Solubility Ref.
H-bond acidic DESs
Chcl EG 1:2 1.47 0.57 1.07 No ¢ [20]
~0.05 wt%¢ [21]
No © This work
Gly 1:2 1.49 12 0.52 1.1 No ¢ [20]
~0.01 wt%“ [21]
1,3-Propanediol 1:2 - - - No¢ [20]
1,5-Pentanediol 1:3.5 - - - ~0.04 wt%¢ [21]
Urea 122 14202 0.50 1.14 No°¢ [20]
~0.01 wt%¢ [21]
Nof [34]
LacA 1:2 1.335 3] 0.503 0.852 No¢ [20]
OxaA 1:2 1.90 B3¢ 0.41 - ~0.03 wt%¢ [21]
Menthol OctA 1:1 1.77 0.50 0.41 No € This work
LevA 1:1 1.56 0.58 0.66 No¢ This work
Thymol OctA 1:1 1.10 0.05 0.67 No® This work
TBACI OctA 1:2 1.4102(0.84) 57 0.99(1.19) 0.76(0.80) No © This work
H-bond basic DESs
Chcl Im 37 - 0.864 32 0.382 2.48 wt% 9 [32]
Nof [34]
ChOH Urea 1:2 0.72 34 1.88 1.32 9.51 wt% P [34]
TBACI AP 1:2 - - - <0.2 wt% © This work
1:4 _ - — <0.2 wt% © This work
TBAB AP 1:2 0.27 0.88 1.08 <0.2 wt% © This work
1:4 0.39 0.90 1.02 <0.2 wt% © This work
MeaCl DETA 1:2 - - - <0.2 wt% € This work
1:4 0.54 0.90 1.06 2.0 wt%—3.0 wt% © This work
H-bond basic ILs P
[C,mim][Cl] 0.45 0.83 1.09 25 wt%' [38]
[C,mim][OAC] 0.51 0.99 1.08 25 wt%! [39]

2 Name and abbreviation of HBAs and HBDs (those provided in Table 1 are not repeated here): glycerol: Gly; lactic acid: LacA; oxalic acid dihydrate: OxaA;
tetrabutylammonium chloride: TBACI; choline hydroxide: ChOH; imidazole: Im; ® Name and abbreviation of ILs: 1-butyl-3-methylimidazolium chloride:
[C4mim][Cl]; 1-ethyl-3-methylimidazolium acetate: [C,mim][OAc]; ¢ MCC or a-cellulose powder; heated from 30.0 °C to 100.0 °C at 1 °C:min~"; ¢ M,, of cellulose:
8.74x10% magnetically stirred at 25 °C for at least one week; © MCC, average degree of polymerization (DP): ~220; magnetically stirred at 110 °C for 24 h; fMCC,
DP: 145; heated at 100 °C for 24 h; 9 Cotton lint pulp, DP: ~576; activated by ultrasonic-assisted saturated CaCl, solution prior to dissolution; heated at 120 °C
for 1.5 h; " MCC, DP: 145; heated at 70 °C for 20 minutes;  Pulp, DP: 1000; microwave heating; MCC, DP: 220; heated at 80 °C.

As chloride anions can form stronger hydrogen bonds with
the proton donors than bromide anions, we further prepared
TBACI-AP DESs with molar ratios of both 1:2 and 1:4 (Table 2)
to determine the influence of varying the anion of the HBA
component. However, 0.2 wt% MCC could not be completely
dissolved in TBACI-AP DESs either. All the solutions were
opaque and had somewhat light-yellow colors, and their vis-
cosities increased evidently. As shown in Fig. 3, the unsolved
but swollen MCC particles were suspended in the solvents
and did not settle after the magnetic stirring was stopped.
The as-prepared DESs were observed to be transparent and
colorless, so it was conjectured that the colors of MCC solu-
tions are due to the dissolution of cellulose. The DESs with a
molar ratio of 1:4 are more capable of dissolving cellulose
than the corresponding DESs with a molar ratio of 1:2, as the
yellow colors are slightly deeper for the former (Fig. 3b versus
Fig. 3a for TBAB-AP, and Fig. 3d versus Fig. 3c for TBACI-AP).

We further changed the HBD component of TBACI-AP (1:2)
from AP to OctA to study the influence of the HBD type on
the dissolving capacity of cellulose. This solvent attracted our
attention because it has two sets of KAT parameters in the lit-
erature, (1.41, 0.99, 0.76)1'2 versus (0.84, 1.19, 0.80),371 which

indicates that it is either H-bond acidic or basic. Its mixture
with 0.2 wt% MCC exhibits a very similar appearance to that
of other H-bond acidic DESs in dissolving MCC. The MCC
powders were not dissolved, and they also settled at the bot-
tom of the solvent after thermal dissolution was stopped (Fig.
Sle, in ESI). This result indicates that TBACI-OctA (1:2) is in-
deed a H-bond acidic DES. This is reasonable considering the
difference in hydrogen bond donating abilities between AP
and OctA.l'2

The DESs formed by MeaCl (HBA) and DETA (HBD) were an-
other type of H-bond basic DESs that we used to dissolve the
H-bond acidic polymers. When the molar ratio of MeaCl and
DETA is 1:2, MCC with a concentration of 0.2 wt% cannot be
completely dissolved, and the mixture exhibits a similar ap-
pearance as that for mixtures formed with the DESs based on
tetrabutylammonium halite, as shown in Fig. 3. When the
molar ratio of MeaCl and DETA changes to 1:4, 2.0 wt% cellu-
lose could be completely thermally dissolved (110 °C, 24 h),
and a transparent solution with a light-yellow color can fi-
nally be obtained. The dissolution of cellulose could be veri-
fied by observing the mixture using POM before and after
thermal dissolution, as the cellulose crystals were observed to
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Fig. 3 Photographs of the mixtures of MCC and different H-bond
basic DESs composed of tetrabutylammonium halite and 3-amino-1-
propanol (AP): (a) TBAB-AP (1:2), (b) TBAB-AP (1:4), (c) TBACI-AP (1:2),
and (d) TBACI-AP (1:4). The concentration of MCC in the mixtures is
0.2 wt%. MCC is partially dissolved in these solvents after being
heated at 110 °C for 24 h.

completely disappear, and the field of vision under polarized
light was observed to be completely dark for the obtained
solution at 80 °C (Fig. 4). The solution was observed at high
temperature because we found that a transparent solution
was obtained if it was naturally cooled to room temperature
without any external disturbance. However, if the solution
was slightly disturbed during cooling, such as gently hand-
stirring with a steel bar for tens of seconds, the dissolved cel-
lulose chains could crystalize with the solvent molecules,
forming rod-like crystals, as shown in the optical micrograph
(Fig. S3 in ESI). The rod-like crystals could be fully melted
upon heating for 5 min at 80 °C.

The MCC concentration was further increased to 3.0 wt%,
and an almost transparent solution could be obtained under
the same dissolving conditions. However, scattered bright
areas or dots could be observed in the optical micrograph ob-
tained at room temperature under polarized light (Fig. S4b in
ESI). The density of bright dots was gradually decreased as
the temperature reached 80 °C and stayed constant for seve-
ral minutes at this temperature (Figs. S4c and S4d in ESI), but
the bright dots did not totally disappear as the heating time
was extended. These observations indicate that the upper
limit of solubility of MCC for MeaCI-DETA (1:4) is slightly less

than 3.0 wt%. Moreover, the crystallization of dissolved cellu-
lose chains with DES molecules was not so obvious for the 3.0
wt% MCC solution. This led us to hypothesize that this cocrys-
tallization process is most likely a diffusion-controlled pro-
cess because the viscosity of the 3.0 wt% MCC solution is
evidently higher than that of the 2.0 wt% solution.

Similarities and Differences between the Dissolution
of Cellulose in DESs and ILs

The survey carried out here and other typical published results
for investigating the solubilities of cellulose in different DESs
and ILs, including the dissolving conditions used, are
summarized in Table 2. The KAT parameters for all solvents are
collected, and they are categorized as H-bond acidic or basic
according to the size of the a and f3 values. According to all the
results summarized in Table 2, it can be said that the potential
solvents for cellulose dissolution and regeneration must be H-
bond basic solvents for both DESs and ILs because the
“complementary” principle, as a prerequisite, should be
satisfied.

Moreover, the ILs that fulfil the criterion of AaAB<0 com-
monly show the superior solubility of cellulose (210
wt%),3839 but the capacities for dissolving cellulose for H-
bond basic DESs are not as high even though the AaAB<O0 cri-
terion is satisfied. For the six H-bond basic DESs investigated
here (Table 2), only the DES of MeaCI-DETA (1:4) displays an
acceptable solubility of MCC between 2 wt% and 3 wt%. In
the literature, it is also rare to find H-bond basic DESs pre-
pared with the most common HBAs and HBDs showing excel-
lent solubility for cellulose materials.33:341 There are two pos-
sible reasons for this difference. First, there are fewer ions or
functional groups for DESs that can act as HBAs to form hy-
drogen bonds with —OH groups of the sugar units of cellu-
lose, which is believed to play an important role in weaken-
ing the hydrogen bonding interactions in cellulose crystals
and enhancing its dissolution. The molecular dynamics (MD)
simulation results also suggest that the number of hydrogen
bonds formed between cellulose-DESs is less than that
between cellulose-ILs.[22401 The second reason, as suggested
by Abbott et al.[211 is that ILs usually have a more ordered
microstructure compared to DESs; thus, the entropy gain is
higher for the dissolution of cellulose in ILs compared to the
dissolving process in DESs. However, we think this reason
should be a minor influencing factor because the free energy
of solvation is mainly controlled by the enthalpy part for the

Fig.4 POM images of (a) 2.0 wt% MCC/MeaCl-DETA (1:4) mixture before thermal dissolution, and (b)
the as-obtained solution heated at 80 °C for 5 min using a hot-stage attached to the optical
microscope. The inset of (b) shows the appearance of a 2.0 wt% MCC/MeaCI-DETA (1:4) solution.
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dissolving process.

In addition, the type and molar ratio of HBA and HBD for
DESs can be varied to fine-tune their physico-chemical prop-
erties. These strategies were also used to study their influ-
ences on the solubilities of cellulose for the H-bond basic
DESs investigated in this study. Among all the variable factors,
the HBA to HBD molar ratio showed an apparent influence on
their solubility for cellulose, which was especially obvious for
the DES of MeaCl-DETA. MCC could be dissolved in MeaCl-
DETA (1:4) with a concentration 22.0 wt%, while 0.2 wt% MCC
could not be totally dissolved using MeaCI-DETA (1:2). This
was unexpected because a change in the molar ratio of HBA
and HBD generally did not show much influence on the polar-
ity properties of DESs.'2 The unanticipated result suggests
that at least for the MeaCl-DETA system, the HBD component
DETA plays a positive role in enhancing the dissolution of cel-
lulose. More experimental works as well as theoretical calcula-
tions are needed to explore in the future to understand the
influence of complex hydrogen bonding interactions
between HBD and HBA in a DES and between cellulose and
HBD of a DES on the dissolution of cellulose.

Additionally, it is worth noting that cellulose/IL solutions
and many synthetic polymer/IL solutions usually show con-
centration-dependent indices for the specific viscosity (ns,) of
1, 2, and 14/3 in dilute, semi-dilute, and concentrated re-
gimes, respectively, which is the power law for a neutral poly-
mer in 6-solvent, as predicted by the scaling theory.*!1 Re-
cently, Liu et al. reported that for the solutions of
cellulose/DES of choline hydroxide (ChOH)-urea (1:2), the
scaling values were 0.54, 1.47, and 3.21 in three regimes,
which closely follow the power laws of 1/2, 3/2, and 15/4 ob-
tained for salt-free polyelectrolyte solutions.?4 It should be
noted that the ChOH-urea DES used to prepare cellulose solu-
tions is an aqueous system with a water content of 11.8 wt%.
The upper limit of solvability of cellulose for MeaCI-DETA (1:4)
DES is <3.0 wt%, so we did not measure the scaling relation-
ship of ny,~c for its cellulose solutions, as not enough data
points would be available in the concentrated regimes. In-
stead, we measured the scaling relationships for the solu-
tions of PMMA/Thymo-OctA (1:1), as Thymol-OctA (1:1)
showed a superior solubility for PMMA. The ny,~c scaling rela-
tionships for the PMMA/Thymol-OctA solutions are 1.05, 1.85,
and 3.87 (Fig. S5 in ESI), which are close to the power laws of
1.0, 1.3, and 3.9 obtained for the neutral polymer in a good
solvent.[*2 Moreover, the ratio between entanglement con-
centration, ¢, and overlap concentration, ¢*, of PMMA/Thymol-
OctA solutions is ~10 (Fig. S5 in ESI), and this is an important
feature for polymer solutions in good solvents.*243! |t has
been realized that ILs are more dynamically heterogeneous
than DESs with similar functionalities, which are due to the
display of different intermolecular interactions within the
constituent species.* The different solution dynamics
between polymer/IL and polymer/DES also point to the fact
that different heterogeneous microstructures and dynamics
might exist in the two kinds of solutions. More experimental
results are needed to explore this topic in the future.

CONCLUSIONS

The applicability of the newly developed QHB analysis based
on the KAT polarity parameters for polymer/DES (the type Ill)

was evaluated by testing the solubility of carefully selected
polymer/DES pairs. The DES systems were chosen because it
was generally accepted that hydrogen bonding interactions
play an important role in the formation of DESs. Based on the
dissolution results for all the tested polymer/DES pairs, it is
concluded that (1) the “complementary” principle (one
component H-bond acidic and the other basic) as a
prerequisite has to be satisfied if a polymer can be expected
to be dissolved in a desired DES. The “complementary”
principle can help one to understand why many DESs exhibit
very limited or no solubilities for cellulose materials in
previous studies. This is because most of the DESs adopted in
these studies have been of the H-bond acidic type. It is not
surprising that cellulose, which is a kind of strong H-bond
acidic polymer, cannot be dissolved in H-bond acidic DESs.
(2) The QHB analysis works well for predicting the solubility of
polymers in DESs. The H-bond basic DESs, which satisfy the
criterion of AaAB<0, exhibit positive capacities for cellulose
dissolution. The DES of MeaCl-DETA (1:4) can dissolve MCC at
concentrations ranging between 2.0 wt% and 3.0 wt%.
However, the superior solubility of cellulose (210 wt%), which
is very common for typical H-bond basic ILs, is rarely observed
for H-bond basic DESs. Two possible reasons for this are
proposed: the number of hydrogen bonds formed between
cellulose-DESs is less than that between cellulose-ILs, and the
entropy gain for the dissolution of cellulose in ILs is higher than
that for the dissolution process in DESs.

In the future, more research is needed to delineate the in-
fluences of the types, chemical structures, and molar ratios of
HBA and HBD species on the KAT polarities of DESs. The first-
principle-based COSMO-RS derived modeling approach has
also been used to predict the KAT polarity scales of DESs.[*5! It
is believed that all these efforts will help to rapidly screen effi-
cient DESs with the guidance of QHB analysis for the dissolu-
tion of a specific polymer, including natural polymers, such as
cellulose, lignin, chitin, and starch.
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