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A B S T R A C T

This work reports a simple sonication-assisted approach to produce diluted (0.5 mg/mL) suspensions of cellulose 
in the non-functionalizing nonpolar-antisolvent tetrahydrofuran (THF), which has a purely basic character (null 
Kamlet-Taft acidity parameter, α = 0), by using it as medium to sonicate microcrystalline cellulose (MCC) at 40 
kHz/70 Watts. The suspensions are obtained because of the high reactivity of the amorphous regions within MCC 
and its capability to behave as a (Turbak) acid, together with the low viscosity and surface tension of THF, and 
most importantly because of the positive 0.55 net-basicity of THF, comparable to that of ionic liquids (ILs) or 
deep eutectic solvents (DESs) used to dissolve cellulose in polar conditions. This was demonstrated by chloroform 
(CHCl3), which cannot generate suspensions despite having similar values of viscosity, surface tension and molar 
volume than THF, however having a null basicity parameter, β = 0. (Complementary computational qualitative 
analyses using model molecules & conditions also show thermodynamic favorability of THF over CHCl3). FTIR 
suggest a decrease of around 5 % in the crystallinity of cellulose after sonication in THF, while DLS show that 
adding CHCl3 to the suspension in THF promotes disaggregation despite the THF-CHCl3 has a smaller net- 
basicity than THF, thus demonstrating cosolvency (instead of cononsolvency). (Complementary Langmuir 
trough experiments at the surface of water also demonstrate disaggregation because of CHCl3 instead of 
moisture).

Despite the THF-CHCl3 pair has been used previously to analyze the supramolecular properties of different 
polymers, this work uses it to analyze disaggregation in two antisolvents. This approach could constitute a 
platform to perform studies of dissolution/regeneration under null polarity, using proper probes (e.g. ILs or 
DESs), substrates and matrices.

1. Introduction

Cellulose is constituted by chains of several hundreds to tens of 
thousands of β(1,4)-D-glucopyranose units arranged in a linear struc
ture, where every next glucose residue is rotated 180◦ along the 1,4 
positions via glycosidic linkages. [69] Such an arrangement, together 

with a high degree of inter-chain packing generates an extensive 
network of intra- and inter-molecular hydrogen bonds (H-bonds) be
tween the –OH hydroxyl groups at C2, C3, and C6 of the monomers, [14] 
and also van der Waals (vdW) interactions.(Paulsen [106]The H- 
bonding and vdW networks, together with the stiffness of the glycosidic 
linkage, generate crystalline domains having 2–20 nm in width and 
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lengths up to microns.(Mariano, Kissi, and Dufresne 2014) Such a 
structure generates a melting point above the temperature of degrada
tion, [14]and nulls its dissolution in water and most organic solvents, 
since it requires the disruption of the H-bonding and vdW networks.

In plants cellulose is packed into microfibrils with a diameter of 
5–50 nm and several micrometers in length with highly ordered crys
talline regions, and also disordered (amorphous) regions, [107,121] in 
varying proportions depending on the raw material. [124] The amor
phous domains have a higher accessibility and reactivity to mild pro
cesses such as swelling, [15] and harsher processes such as oxidation. 
[41] or acid hydrolysis. [121] (Chhavi [135] Crystalline cellulose ma
terials can be purified by removing or reducing the extent of amorphous 
regions, obtaining for example microcrystalline cellulose (MCC), [73], 
27)[133,153] and also nanocellulose (NC) materials, such as cellulose 
nanocrystals (CNCs)(Chhavi [121,135] and celulose nanofibers (CNFs), 
[41,86,121,133] Because of the relevance of MCC, [73], 27)[133,153] 
NC (CNCs, CNFs)[86,133,153] and amorphous materials, 
[11,66,95,120,123,124]studying crystalline and amorphous materials 
are active fields of research.

Chemical dissolution of cellulose is achieved by using solvent sys
tems such as (i) those consisting of an aprotic polar solvent in combi
nation with an inorganic salt (e.g. organic solvents with N,N- 
dimethylacetamide/LiCl or ammonium salts); [54])[94] (ii) aqueous 
solutions of metal complexes; (iii) ILs constituted by different anions and 
cations; [54,69] (iv) deep eutectic solvents (DESs) constituted by H- 
bonding donors and acceptors; [24]and also (v) methods with potential 
industrial applications such as the carbonate and carbamate chemical 
dissolution/regeneration processes.(El Seoud, Bioni, and Dignani 2021) 
In particular for ILs, cosolvents have shown to improve dissolution. 
(Chandrabhan [134](El Seoud, Bioni, and Dignani 2021) (El Seoud, 
Omar A. et al. 2019)[51] (Lihua [150] (Philipp categorized cellulose 
solvents into derivatizing, non-derivatizing, aqueous and non-aqueous). 
[77](For further details about cellulose solvents please see the reviews 
by[77]and[54]). In these media, the –OH groups of cellulose may 
behave according to four main categories proposed by Turbak in 1980: 
[77] (i) an acid, or H-bonding donor (i.e Cel–O–H–), in basic solvents (e. 
g. KOH alkali, Triton); (ii) a base, or H-bonding acceptor (i.e. Cel–O–(H)– 
), in acidic solvents (e.g. H2SO4, trifluoroacetic acid) or aqueous solu
tions of metal salts [89] (iii) a ligand, in a complexing agent solvent (e.g. 
Cuam, Cadoxen); or (iv) a reactive compound, converted to a soluble 
transient derivative or intermediate (e.g. xanthate, trifluoroacetate). 
These categories however have been considered to become less relevant 
in organic solvents of limited polarity and/or ionizability, [89]and to the 
best of our knowledge there are no reports focused on observing these 
chemical roles of cellulose in non-aqueous, non-derivatizing, nonpolar- 
antisolvents..

Cellulose is indeed not dissolved down to a molecular level, but 
rather forms stable colloidal dispersions with aggregates of at least 
several hundred chains, [89] mainly because of the strong tendency of 
cellulose to form H-bonding networks, which are not totally dis
integrated. [94] Thus, small variations in solvent parameters such as 
composition, temperature, pH, water content, etc., can turn an effective 
solvent into one not even capable of swelling cellulose. [89] This 
sensitivity constitutes the driving force behind the process of regenera
tion, implemented in well-known methods such as the viscose or lyocell 
processes.(El Seoud, Bioni, and Dignani 2021) [40].

Regeneration typically involves the use of antisolvents (also named 
in the literature anti-solvents, nonsolvents or non-solvents). Research 
focused on regeneration is as important as that focused on dissolution, 
because it is an indispensable step for cellulose processing and shaping 
of novel materials.(El Seoud, Omar A. et al. 2019) Besides cellulose 
materials, antisolvents are critical to promote precipitation of nano
particles in the food industry (using polysaccharides, proteins, 
biopolymer derivatives and surfactants),(Caicedo [17] to fractionate 
polysaccharides by precipitation,(X. Hu and Goff 2018) to precipitate/ 
stabilize nanoparticles of hydrophobic drugs, [129] or as key 

morphology-directing agents in the context of solution-processed 
organic solar cells (OSCs) (labelled additives, when used at concentra
tions < 10 % v/v, for cosolvents and antisolvents). [87].

Understanding the interaction forces controlling dissolution and 
regeneration of cellulose materials is an active field of research. El Seoud 
et al.(El Seoud, Omar A. et al. 2019) reviewed the advances on the un
derstanding of the mechanisms of cellulose dissolution and regeneration, 
in ILs and alkaline solutions, focusing on parameters such as solution 
rheology and microscopic solvent/solution properties such as empirical 
polarity, Lewis acidity/basicity and dipolarity/polarizability, using 
experimental and computational approaches. On the same year Verma 
et al.(Chandrabhan [134] contributed with a review on the dissolution 
of cellulose in ILs and cosolvents, while later Shamsuri et al. [117] 
contributed with a review on the properties and applications of cellulose 
regenerated from ILs and cosolvents. Overall the regeneration mecha
nism follows steps that are similar to those occurring during the crys
tallization of the (native) cellulose I allomorph: (1) formation of mini- 
sheets by vdW forces, (2) association of these sheets in “mini-crystals” 
by H-bonding, and (3) convergence of the crystals into larger crystalline 
or amorphous arrangements, depending on factors such as the solution 
itself, degree of polymerization (DP), temperature and antisolvents.(El 
Seoud, Omar A. et al. 2019) By exchanging solvent and antisolvent, 
inter- and intra-molecular H-bonds are reestablished, resulting in the 
precipitation and regeneration of the dissipated cellulose chains. [10] 
The exchange between solvent and antisolvent molecules is considered 
the main driving force initiating the reformation of cellulose,(El Seoud, 
Omar A. et al. 2019)[10,79] with diffusive processes leading to the 
reformation of intra- and inter- H-bonds previously broken during 
dissolution. [79] In the case of solutions in eutectic solvents such as ILs 
(or DESs), tertiary systems are formed because of their constituting 
anions and cations (or H-bonding donor or acceptor). In such systems 
the use of different polar antisolvents (e.g. water, ethanol, methanol, 
acetone, acetonitrile, etc.) have shown to allow a fine tuning of the 
macroscopic morphology of the regenerated cellulose, depending on the 
interactions between the dissolved (amorphous) cellulose and the 
regeneration antisolvent, [10] (H. [139] with water having the most 
relevant role as antisolvent overall [79].

All of these investigations on dissolution/regeneration involve add
ing antisolvents to solutions, however using nonpolar antisolvents alone 
has not been studied to our knowledge. Analyzing aggregation/disag
gregation using nonpolar-antisolvents alone, could offer a platform to 
study dissolution/regeneration under null (or low) polarity.

The acid-base concept, has been extensively used in connection with 
polysaccharides, as a more general and quantitative extension of the 
traditional H-bonding theory, which includes H-bonds possessing a wide 
range of strength values. [74] For example, Drago’s method, used to 
analyze swelling in fibers indeed requires treating H-bonding in
teractions as an acid–base interaction. [15] In turn, swelling is an initial 
state of dissolution, because during its occurrence the cellulose pulp 
elements pass apart from each other while the solvent-filled void space 
grows. [155] In this regard the Gutmann donor number (DN) and 
acceptor number (AN), is a restatement of the generalized Lewis acid- 
base definition, which has been suggested to represent a fundamental 
way of understanding H-bonded systems such as fiber–fiber bonded 
systems, [74] that allows predicting (even quantitatively) the strength of 
Lewis acid-base interactions. [90] Similarly, the Kamlet-Taft scale can 
be used with an engineering approach in the field of lignocellulosic 
solvation, since it provides an useful framework for qualitative com
parisons (e.g. see Table 1 in (Luyao [151]. From these two scales, 
Kamlet-Taft is considered to be a better measure of solvent/solute in
teractions, [90] since its parameters are determined by spectroscopic 
means via solvatochromic dyes in solution,(Lihua [42,43,52,130,150] 
while Gutmann parameters are determined using a calorimetric method. 
[90] Despite some authors have recently discussed on the appropriate 
choice of the Lewis-basicity parameters, in order to avoid an inadequate 
application to a presumed basicity effect, which can arise from an 
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interaction with either an isolated molecule (ligand) or with a medium 
(solvent effect), [45] Gutmann and Kamlet-Taft scales have been used to 
analyze the swelling [15,74] or dissolution of cellulosic materials. 
(Luyao [151].

This work presents a simple sonication-driven nonpolar-antisolvent 
approach to obtain suspensions of cellulose in the non-functionalizing, 
nonpolar, purely basic (null value of Kamlet-Taft acidity, or H- 
bonding donating ability) antisolvent tetrahydrofuran (THF), by 
applying sonication (with frequency and power of 40 kHz and 70 Watts 
respectively) to its mixture with microcrystalline cellulose (MCC) during 
15 to 90 min at room temperature, and subsequently filtering the su
pernatant through a filter membrane (with 450 nm cutoff). (Sonication is 
widely used in the field of cellulosic materials, while filtering is analo
gous to fractionation methods such as field-flow fractionation (FFF), 
gravitational sedimentation and centrifugal fractionation, see the Ma
terials section for details). Gravimetry and Fourier transform infrared 
spectroscopy (FTIR) were used to quantify and verify (respectively) the 
presence of cellulose in the residual solvent after sonication and filtra
tion in different solvents. Complementary density functional theory 
(DFT) and non-covalent interactions analysis (NCI) computational sim
ulations were used to analyze qualitatively the thermodynamic favour
ability of association of cellulose with THF, CHCl3, and other relevant 
solvents, following recent literature on cellulose materials (see the 
Materials section). Dynamic light scattering (DLS) was used to study the 
concentration-driven aggregation of the suspended particles in THF, and 
also to analyze the disaggregation caused by the addition of CHCl3 as a 
second nonpolar-antisolvent with orthogonal Lewis acidity/basicity 
(null value of Kamlet-Taft basicity, or H-bonding accepting ability).

To the best our knowledge, in the literature there are not previous 
reports with the scope of the present work: analyzing disaggregation of 
cellulose particles in purely nonpolar media constituted by two antisolvents, 

using the Kamlet-Taft solvent scale to rationalize the experimental results.

2. Materials and methods

In this work it was used commercial high-purity microcrystalline 
cellulose (MCC) from cotton linters for partition-chromatography 
(Sigma-Aldrich, product no. 310697), with 20 μm crystalline microfi
brils, crystallinity index CI ≈ 1.05 or 0.63 (by FTIR or XRD), degree of 
polymerization (DP) ≈ 251, [85] molar mass Mn ≈ 61,700 g/mol, [80] 
and dispersity Đ = Mw/Mn ≈ 5.(“Cellulose microcrystalline, powder, 
20um 9004–34-6,” n.d.) (Notice that in literature there is a lack of 
consensus in regard to DP, with reports of values ranging in 40–200). 
(Kalász, Báthori, and Valkó 2020, 10).

2.1. Antisolvents selection and Lewis acidity/basicity orthogonality

Four organic solvents incapable of dissolving cellulose (i.e. cellulose 
antisolvents) from Sigma-Aldrich were used as received, polar-aprotic 
dimethylsulfoxide (DMSO) and acetonitrile (ACN), and nonpolar 
[103] tetrahydrofuran (THF) and chloroform (CHCl3). (For the DLS 
experiments it was used THF stored in a glovebox under Nitrogen at
mosphere). Table 1 shows values of some relevant parameters of these 
solvents, while Table 1 cont. also shows the values of Gutmann and 
Kamlet-Taft acidity/basicity parameters, including the net-basicity, 
defined as the difference between the DN and AN for the Gutmann 
scale, [15,126] and the “β – α” difference for the Kamlet-Taft scale. 
(Luyao [151] For comparison purposes, these tables also show water and 
some polar (protic and aprotic) organic solvents, [127] together with 
some ILs [115 4] and DESs. [127](Liang, Xinquan et al. 2021).

We used antisolvents with an useful range of viscosity (μ) and surface 
tension (γL) values, which are the main physical–chemical parameters 

Table 1 
Values of γL, μ, dielectric constant (ε), molar volume (V), enthalpy of complexation with BF3 (for Lewis bases), and also Gutmann donor number (DN) and acceptor 
number (AN), Kamlet–Taft values (α, β, π*) and net-basicity and Hansen (δD, δP and δH) parameters of the solvents tested.(Sawyer D. T. and Roberts L. 1974) 
(“Viscosity, Surface Tension, Specific Density and Molecular Weight of Selected Liquids,” n.d.)[147,49,12](Riddle and Fowkes 1990)[15,131,61,127,115](Liang, 
Xinquan et al. 2021)[4,70] (Luyao [151,7] The Kamlet-Taft parameters of ILs and DESs were measured at temperatures ranging in 70-100◦ C. (Luyao [151].

Type Solvent γL 
(mN/m)

μ 
(cP)

Ref 
index

ε V Base enthalpy of complex.† (kJ/mol) δD δP δH

Non-polar CHCl3 26.7 0.54 1.44 4.81 80.7 − - 17.8 3.1 5.7
THF 26.7 0.46 1.4 7.5 81.7 90.4 16.8 5.7 8.0

Polar-aprotic ACN 28.7 0.37 − - 37.5 52.6 60.39 15.3 18 6.1
DMSO 42.9 1.99 1.47 46.7 71.3 105.34 18.4 16.4 10.2

Polar-protic WATER 72.7 0.89 − - 80 18 104.4 15.5 16 42.3

Type Solvent DN 
(kcal/mol)

AN‡

(kcal/mol)
δ 
(DN-AN)

α β π* β − α

Non-polar CHCl3 0 5.4 ¡5.4 0.44 0 0.58 ¡0.44
THF 20 0.5 19.5 0 0.55 0.58 0.55

Polar-aprot. ACN 14.1 4.7 9.4 0.2 0.4 0.7 0.2
DMSO 29.8 3.1 26.7 0 0.76 1 0.76

Polar-prot. WATER 18 15.1 2.9 1.2 0.5 1.2 − 0.7
ButAcid − - − - − - 1.06 0.22 0.47 − 0.84
OctAcid − - − - − - 0.94 0.23 0.38 − 0.71

ILs [EtMeIm]AcO 43.3 − - − - 0.4 0.95 1.08 0.55
[EtMeIm]PF6 − 6.2 − - − - 0.76 0.2 0.99 − 0.54
[BMeIm]AcO − - − - − - 0.43 1.05 − - 0.62
[BMPyr]DCN − - − - − - 0.29 0.52 1.18 0.23
[EtMeIm]FAP − 12.3 29.3 − 41.6 0.58 0.11 1.04 − 0.47
[EtMeIm]DCN 37.8 31.7 6.1 0.53 0.63 1.11 0.1

DESs [N4444]Cl-OctAcid − - − - − - 0.84 1.19 0.8 0.35
[N2222]Cl-OctAcid − - − - − - 0.96 0.87 0.81 − 0.09
TBAC-EG (1:2) − - − - − - 0.709 0.805 − - 0.096
TBAC-LA − - − - − - 0.614 0.617 1.083 0.003

† According to the the BF3 Affinity Scale (“The BF3 Affinity Scale” 2009).
‡ (Riddle and Fowkes 1990),[4].
Acronyms: ButAcid: butanoic acid; OctAcid: octanoic acid; [EtMeIm]PF6: 1-ethyl-3-methylimidazolium (cation) − hexafluorophosphate (anion); [EtMeIm]AcO: 1- 
ethyl-3-methylimidazolium (cation) − acetate (anion); [BMPyr]DCN:; [EtMeIm]FAP:; [EMIM]DCN:; [N4444]Cl-OctAcid: tetrabutylammonium chloride (H-bond 
acceptor)(HBA) – octanoic acid (H-bond donor)(HBD); [N2222]Cl-OctAcid: Tetraethylammonium chloride (HBA) – octanoic acid (HBD); TBAC-LA: tetrabutyl 
ammonium chloride (HBA) – lactic acid (HBD); ChCl-LA: choline chloride (HBA) – lactic acid (HBD).
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impacting on the quality of cavitation during sonication. [5] (Viscosity is 
also known to exert a significant effect on self-assembly processes). [28] 
These antisolvents also provide an useful range of values in regard to 
Lewis acid-base properties. The null Kamlet-Taft H-Bonding accepting 
ability of CHCl3 (β = 0), is completely opposite to the null H-bonding 
donating ability of THF (α = 0). Thus it seems reasonable defining THF 
and CHCl3 as orthogonal in regard to their Lewis acidity/basicity (for 
further details on this label please see Section S-1. in the Supplementary 
File). To our knowledge, this aspect has not been highlighted in the 
literature, despite previous works with different polymers such as 
hexanoyl-chitosan, [109] polyphenylacetylene (PPA) [19] or poly 
(methyl methacrylate) (PMMA) (a linear unbranched homopolymer, 
similarly to cellulose), [12,13]have shown that the CHCl3-THF pair is 
useful to analyze the aggregation of polymeric molecules.

Beyond using THF stored in a glovebox, moisture was not controlled 
during the experimental procedures. For details on the validity of 
invoking the Kamlet-Taft parameters under such conditions please see 
Section S-1.1. in the Supplementary File, and also the results obtained 
onto the surface of water using the Langmuir trough instrument, 
detailed ahead.

2.2. Sonication

In the present work, for each antisolvent tested, glass-sealed flasks 
with 5 mL of mixtures at 20 mg of MCC per mL of antisolvent were 
sonicated during 15, 40, 60 or 90 min, using a Bransonic 1510R-DTH, 
1.89 L water-bath, ultrasonicator (Branson Ultrasonics Co.) operating 
at a frequency of 40 kHz and power of 70 W, at room temperature 
(25 ◦C), always placing the samples at the same place (at the middle- 
center) an depth in the sonicator water bath. (For further details on 
the working principle of sonication and its use in the context of cellulose, 
see Section S-2 in the Supp. File).

2.3. Filtration as fractionation method

Filtration was used as a simple fractionation method, which allows 
homogenizing a particular desired particle size of the cellulose present 
in the solvent. For further details and references within the context of 
the present work please see Section S-3 in the Supplementary File.

In the present work, the supernatant of the sonicated samples was 
micro-filtered through a polytetrafluoroethylene filter membrane with a 
pore size cutoff of 450 nm (HPLC syringe filter, Grace Davison Discovery 
Science), previously used by Hu and Abidi,(Y. [57] Brinkmann [16] and 
Jakubek et al. [62]to filter CNCs,

2.4. Gravimetry

Gravimetry was used by quintuplicate as a simple method to estimate 
the mass of cellulose possibly present in each antisolvent after sonication 
(its presence was verified using FTIR spectroscopy). Gravimetry was 
implemented by weighing (i) the dried remaining of MCC powder, and 
(ii) all the materials that had contact with the polymer (i.e., PTFE filter 
membrane, syringe, and glassware) prior and after filtration, and then 
performing a mass balance. Samples of 5 mL showed to be adequate in 
generating standard deviation values of around ± 10 % of the average 
estimations.

2.5. Fourier transform infrared (FTIR) spectroscopy

A Bruker Tensor 27 IR spectrometer was used to analyze the different 
cellulose samples by in the 3800–800 cm− 1 wavelength range, analyzing 
THF alone (versus air as blank), un-sonicated MCC powder (versus a dried 
KBr crystal as blank), 0.5 mg/mL cellulose-THF suspensions obtained 
after 15 min of sonication (versus THF as blank), and a cellulose drop- 
casted film using such suspension (versus the underlying silicon (Si/ 
SiO2) surface as blank). The cellulose films were obtained by drop- 

casting the THF suspensions (obtained after 15 min of sonication) 
onto Si/SiO2 wafers and gently removing excess material with aid of a 
stream of compressed N2, and repeating the process until observing a 
film with the naked eye. The Si/SiO2 substrates were previously washed 
in piranha solution (sulphuric acid and hydrogen peroxide combine with 
the formation of peroxymonosulfuric acid), which is a well-known 
cleaning method of Si/SiO2 wafers in the semiconductor industry to 
promote silane attachment, since it is capable of removing contaminants 
and promoting hydroxylation,(O’Mahony Tom F. and Morris Michael A. 
2021) (i.e. increase the silanol number). [154].

FTIR data was also used to estimate qualitatively the change in 
crystallinity due to the sonication treatment in THF, using the Nelson & 
O’Connor indexes: Cr.R1 = A1372/A2900 and Cr.R2 = A1430/A893 (where 
A stands for the absorbance value at the wavenumbers indicated in 
subscripts). [113] Estimation of the crystallinity index (CI) with FTIR is 
the simplest method available (when compared with XRD and/or NMR), 
[104 113] and despite giving only relative values (because the spectrum 
always contains contributions from both crystalline and amorphous re
gions), [104] it provides reliable estimations of the CI. [85].

2.6. Dynamic light scattering (DLS)

DLS was used to estimate (i) the apparent hydrodynamic radius (Rh) 
distribution, and (ii) the decay time of the correlation function gener
ated by suspensions either in pure THF (labelled XCHCl3 = 0) with con
centrations of 0.5, 0.25 and 0.1 mg/mL, or in THF-CHCl3 mixtures with 
compositions of 80 and 90 % (v/v) of CHCl3 (labelled XCHCl3 = 0.8 & 
0.9) at 0.1 mg/mL. The addition of CHCl3 was used to analyze the tuning 
disaggregation via a second nonpolar-antisolvent with opposite Lewis 
acid-base properties. DLS has been used previously to perform qualita
tive comparisons of the Rh values in different organic solvents, 
analyzing the dispersibility of NCC, [137] or aggregates of 
polythiophene-fullerene pairs.(Domínguez, Kohn, et al. 2021).

The measurements were performed under the same conditions re
ported by the author previously, (Domínguez, Kohn, et al. 2021)[31]at 
25 ◦C using a Zetasizer Nano-ZS (Malvern Instruments Ltd, England). In 
order to minimize dust interference, (i) the scattered light was collected 
at 173◦, i.e. using non-invasive backscatter detection, which increases 
sensitivity;(Montes A., Pereyra C., and Martinez de la Ossa E. J. 2015) 
(“Dynamic Light Scattering: An Introduction in 30 Minutes” 2014))
[64,142,108,27] (ii) the cuvette was cleaned using ethanol and a direct 
flow of compressed air before each measurement; and (iii) all samples 
were filtered with 5 − 6 μm poly(tetrafluoroethylene) syringe filter 
membranes, avoiding the sample to slip through the internal walls of the 
cuvette.

In order to obtain highly reliable DLS measurements it is required 
non-absorption of light by the particles, reduced multiple scattering, 
dilute solutions, and exact values of viscosity and refractive index of the 
solutions. [71]In the present work the particles under study are not 
photoactive, the suspensions are diluted, and the values of viscosity and 
refractive index of THF and THF-CHCl3 mixtures with 80 and 90 % of 
CHCl3 (v/v) have been reported in the literature to be 0.575 and 0.557 
cP for the viscosity,(Sólimo and Gomez Marigliano 1993) and 1.415 and 
1.41 for the refractive index, [44] respectively.

The values of the correlation coefficient and decay times were also 
analyzed since size-monodisperse samples generate steeper decays. 
(“Dynamic Light Scattering: An Introduction in 30 Minutes” 2014))
[64,142,108,27].

For details on the theoretical background of the DLS technique and 
also on the use of this technique within the context of cellulosic mate
rials please see Section S-4 in the Supplementary File.

2.7. Langmuir trough instrument

In order to form and compare films of underivatized cellulose at the 
air/water interface (Langmuir films) using XCHCl3 = 0, 0.8 & 0.9 
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suspensions, it was used a KSV Langmuir minitrough with 100 cm2 of 
surface area and 40 mL of sub-phase volume, with two computer- 
controlled motorized movable barriers and a platinum rod sensor 
tensiometer (resolution of 0.01 mN/m). THF has been used previously as 
spreading solvent to form Langmuir films of molecules such as C60 
fullerene [97] or iron phthalocyanine, [112]while CHCl3 is commonly 
used in such kind of experiments. [83] The Langmuir films were 
generated by spreading a defined volume of different cellulose suspen
sions onto the clean air/water interface using a mycro-syringe, to obtain 
a surface concentration of 0.25 mg/m2 for the XCHCl3 = 0 & 0.8 films, 
and 0.125 mg/m2 for the XCHCl3 = 0.9 films, dividing the total dropped 
volume in at least 3 drops at different points of the surface of water, from 
a position as close as possible to to the surface of water, and then waiting 
15 min for solvent evaporation. This is a commonly used time period to 
allow evaporation, [67] regardless, the evaporation was verified 
experimentally by a constant surface pressure reading. Scheme S-1 in the 
Supplementary File shows a visual explanation of the procedures per
formed at the Langmuir trough instrument; In detail: Surface pressure- 
molecular area isotherms were obtained by recording the surface pres
sure generated by the films when changing the position of the movable 
barriers in the instrument at 15 mm/min. The area occupied by the 
aggregates at the air/water interface is estimated by extrapolating the 
slope of the Π-A isotherm to zero surface pressure.

2.8. Atomic force microscopy (AFM) to drop-casted films

In the present work AFM micrographs of drop-casted films onto Si/ 
SiO2 substrates were used to confirm or discard the presence of struc
tured materials such as CNCs or CNFs in the solvent after sonication. The 
measurements were performed under the same conditions reported by 
the author previously, [34](Domínguez, Vuolle, et al. 2021) inside of a 
class 100 clean room, under ambient conditions, in tapping mode, using 
silicon cantilevers (≈225 nm length, ≈20 nm tip-height, resonance 
frequency ≈84 kHz).

For detailed information and references about using AFM within the 
context of cellulosic extracted materials please see Section S-5 in the 
Supplementary File.

2.9. Computational complementary studies

In order to further rationalize the gravimetry results, complementary 
computational tools were used to obtain qualitative thermodynamic 
information of the interaction between single molecules of THF or CHCl3 
with a model molecule of cellulose (the cellobiose dimer) in a particular 
model conformation (anti-syn), also evaluating interactions with mole
cules of other solvents such as polar water, methanol and the acetate 
anion (AcO-). Cellobiose was selected as a model for cellulose since it 
contains β-D-pyranose units connected by the 1 − > 4 glycosidic bonds, 
which is defined by the presence of the oxygen atom connecting two 
pyranose units, thus making it capable of representing 1,4-β-glycosidic 
interactions together with inter- and intra-molecular H-bonding in 
cellulose.

On the other hand, the anti-syn conformation was selected because is 
the global minimum conformation of cellobiose in the gas phase, and has 
been extensively studied. [92]In regard to the solvents selected for the 
simulations, there were selected antisolvents, including obviously THF 
and CHCl3.

The starting geometry of the cellobiose in the anti-syn conformation 
was extracted from the pre-optimized geometry provided by Mittal et al. 
after using the M06-2X level of theory. [92] The complexes between 
cellobiose and solvents or anions was carried by using the optimized 
structures provided by Mittal et al., substituting the solvent molecule. 
Then a full geometry optimization procedure for all model complexes 
was carried out at the DFT level of theory using the dispersion-corrected 
hybrid functional ωB97XD[22] with the help of Gaussian-09 (“Gaussian 
09, Revision A.1, Gaussian, Inc. Gaussian 09, Revision A.02, M. J. Frisch, 

G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, 
G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, 
A. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. 
Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams- 
Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, 
T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. 
Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, 
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. 
Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. 
J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. 
Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. 
Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. 
Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. 
Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2016.” 2009) 
program package. The standard 6-31G* basis sets were used for all 
atoms, in vacuum.

No symmetry restrictions were applied during the geometry opti
mization procedure. The Hessian matrices were calculated analytically 
for all optimized model structures to prove the location of the correct 
minima on the potential energy surfaces (no imaginary frequencies were 
found in all cases) and to estimate the thermodynamic parameters, the 
latter being calculated at 298.150 K and 1 atm.

The optimized geometries and cellobiose-solvent complexes were 
visualized with the Avogadro[50] and Jmol (“Jmol: An Open-Source 
Java Viewer for Chemical Structures in 3D. Http://Www.Jmol.Org/,”
n.d.) freeware packages. The Cartesian atomic coordinates for all model 
structures are provided in Tables S-3 to S-7 in the Supplementary File.

From the output files were performed analyses on (i) geometrical 
lengths of the structure of the anti-syn cellobiose in absence and pres
ence of the solvent molecules; (ii) formation of inter-molecular H-bonds 
between the cellobiose and the solvent anions; (iii) interaction energies 
for all cellobiose-solvent complexes; (iv) thermodynamic free energy of 
the complexes and (v) noncovalent interactions analysis (NCI). The 
latter was performed by using the Multiwfn program (version 3.7),(T. 
[81]and results were visualized by using the VMD program.[59].

For further details on the solvent and antisolvent molecules used in 
the simulations, and references of the use of computational methods to 
simulate cellulose-solvent interactions, and the solvents selected in the 
simulations reported here, please see Section S-6 in the Supplementary 
File. On the other hand, for further details on the use of the ωB-97XD 
instead of M06 levels of chemistry please see Section S-6.1 in the sup
plementary file.

3. Results and discussion

3.1. Gravimetry

According to gravimetry, after sonication of MCC in THF and filtra
tion, it is obtained a concentration of 0.5 mg/mL of cellulose, regardless 
of the sonication time. Despite being low, this concentration is useful 
under the scope of the present investigation (analyzing disaggregation of 
cellulose particles in nonpolar media constituted by two antisolvents). Be
sides THF, none of the other organic solvents tested (ACN, DMSO, 
CHCl3) showed presence of cellulose by gravimetric means, after the 
sonication-assisted nonpolar-antisolvent procedure (this was verified 
with FTIR spectroscopy).

The fact that similar results are obtained from all of the sonication 
times evaluated (15, 40, 60 or 90 min), despite that after 60 min of 
sonication it is observed a modest increase in temperature in the soni
cator water-bath (from 25 to approximately 37◦ C), suggests that 15 min 
of sonication are enough to remove as much reactive material as possible 
from the MCC using 40 kHz/70 Watts sonication in THF.

The filtered samples are fully transparent, without visible sedimen
tation, even after during 10 weeks (no longer periods were evaluated), 
which suggests the presence of particles within the colloidal range 
(1–1000 nm) (this was verified with DLS). Our results indicate that the 
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sonication-assisted nonpolar-antisolvent method reported here crosses 
the minimal physical–chemical energy threshold required to remove 
material from the MCC into the THF.

Because of (i) the high accessibility and reactivity of amorphous 
cellulose of different cellulose materials to mild and harsh phys
ical–chemical processes discussed in the introduction; [15,41,121]
(Chhavi [135,36,3,107](Nascimento et al. 2015) 
[26,102,133,107,101,86,137]and also (ii) that degradation of crystal
line regions require high temperatures such as 80 ◦C; [3]) and also (iii) 
that THF has a nonpolar-antisolvent nature, [54,77] incapable of even 
dispersing suspensions of CNCs, [99]; it would be reasonable assuming 
that in THF the cellulose is present in the form of a suspension of mainly 
amorphous material. However, interestingly the FTIR data indeed sug
gests that the suspensions are constituted by cellulose less crystalline 
than the MCC starting material, however not purely amorphous (details 
ahead); On the other hand, DLS confirmed the suspension nature of the 
samples (details ahead).

Table 1 shows that among the antisolvents tested, THF and CHCl3 
have identical values of surface tension − cohesive forces- (γL), of 26.7 
mN/m, which in turn are the lowest values of surface tension among all 
of the antisolvents. However, THF has a lower viscosity (μ) than CHCl3, 
which indeed explains why the suspensions were obtained in THF but 
not in CHCl3, since literature reports that solvents with small values of 
both surface tension and viscosity generate improved acoustic cavitation 
during sonication. [5]Regardless this reasoning provides alone a plau
sible explanation to our results, analyzing other molecular aspects of all 
the antisolvents provide a deeper insight on the system.

In regard to polarity, THF and CHCl3 have the smallest values of 
dielectric constant (ε) and polar-Hansen solvent parameter (δP), with 
THF having a larger values than CHCl3 by 56 and 83 % respectively. In 
this regard, the literature focused on acid-base interactions of cellulose, 
reports that factors such as dielectric constant [74] or dipole moment 
[15] show weak correlations with solubility. The same has been reported 
for studies focused on the aggregation of poly(methyl methacrylate) 
(PMMA), (a linear unbranched homopolymer, similarly to cellulose) 
which have not shown an obvious relationship between the solvent 
polarity and the ability to induce molecular changes on the polymer. 
[12].

In regard to the Hansen scale Table 1 shows that THF and CHCl3 have 
similar values of the polar (δP) and H-bonding (δD), however CHCl3 is 
not capable of causing cellulose to behave as a base. Finally, in regard to 
dispersive interactions, Tables 1 and 1 cont. show that all of the solvents 
tested have similar values of the dispersion-bonding Hansen (δD) and 
Kamlet-Taft π* parameters, which for the latter, is indeed the same for 
THF and CHCl3.

3.2. The role of net-basicity during the sonication in antisolvents

Besides surface tension and viscosity, for cellulose materials is 
known that basicity (H-bonding accepting ability, DN, β) is the most 
important parameter related to cellulose-solvent interactions, followed 
by the Lewis acidity (H-bonding donating ability, AN, α) and the molar 
volume (V), [74,15] which defines the coefficients of swelling and 
diffusion. [15] (In regard to V, as Table 1 shows, THF and CHCl3 have 
very similar values (81.7 and 80.7 respectively), which in turn are the 
largest values from all the solvents tested).

In regard to basicity, some studies have suggested that values of β >
0.8 are required for cellulose dissolution to take place. [1]Since in the 
present work the cellulose suspensions were obtained in THF (which has 
a Kamlet-Taft basicity of β = 0.55 and a null acidity α = 0), but not in 
CHCl3, (which has a null basicity β = 0 and an acidity of α = 0.44) it is 
reasonable to propose that our results show that under the conditions 
tested, cellulose is capable of interact with the nonpolar-antisolvent THF 
acting as an acid, however it cannot interact with CHCl3 by acting as a 
base, according to the categories proposed by Turbak in polar media. 
[77] As mentioned in the introduction, these categories have been 

considered to be less relevant in organic solvents of limited polarity and/ 
or ionizability. [89] Thus, our results provide evidence of cellulose 
playing the role of an acid in a nonpolar environment, after applying 
supplementary physical energy (sonication, in the present work). As 
discussed by Gal and Maria, [45] a solute may be interact very weakly 
with the medium (to the point of being almost in a gas-phase situation), 
or may interact more strongly with the medium, in particular when 
Lewis acid-base forces enter into action. To our knowledge such an 
example was not discussed in the literature before.

Beyond basicity, in the context of catalysis, the interactions of sol
vents and catalysts are better described in terms of the net-basicity, 
defined as the difference between basicity and acidity: DN-AN in the 
scale of Gutmann, [52] or β–α for the Kamlet-Taft scale.(Luyao [151] For 
example, during the hydrogenation of benzyl alcohol, solvents with a 
negative net-basicity (methanol, ethanol and acetic acid), have shown to 
be analogous to nonpolar solvents (acetone, 1,4-dioxane, THF, and 
diethyl ether), while solvents with positive net-basicity (THF, ACN, 1,4- 
dioxane and diethyl ether), inhibited the reaction. [126]In this regard, 
after its null value of H-bonding acidity (α = 0), THF possess a net- 
basicity of α-β = 0.55, which as shown in Table 1 cont., is indeed 
similar to some ILs such as 1-ethyl-3-methylimidazolium acetate 
([EtMeIm]AcO) (α-β = 0.55), and DESs such as or tetrabutylammonium 
chloride octanoic acid ([N444]Cl-OctAcid) (α-β = 0.35), which are 
among the highest net-basicity values for these type of solvents. (Some 
other references estimate slightly different values of α = 0.41 β = 1.03 
and π*=1.08, with a net-basicity α-β = 0.62 for [EtMeIm]AcO). [70] 
This is relevant because some of the highest cellulose solubility values 
correlate with large values of β and net-basicity from these ILs and DESs, 
as shown in Fig. 7 of (Luyao [151]. In this regard, despite DMSO is 
similar to THF in regard of also having a null value of α, and a high net- 
basicity α-β = 0.76, it is not capable of generating suspensions of cel
lulose via sonication because of its large cohesive forces and viscosity, 
with the latter being 4 times larger than that of THF (see Table 1).

In resume, it seems reasonable to suggest that low values of surface 
tension and viscosity (which improve cavitation) and large values of 
molar volume are not capable alone to generate suspensions in a 
nonpolar-antisolvent via 40 kHz/70 Watts sonication, according to the 
results obtained with CHCl3. Instead our results indicate the require
ment of a positive, relatively large, positive net-basicity value, which is in 
agreement with the literature which indicates that acidity/basicity, and 
particularly the latter, is the most relevant parameter for cellulose 
dissolution. Our results also show that when using nonpolar-antisolvents 
the role of net-basicity remains dominating, such as in the cases of the 
euctectic ILs and DESs, for which is known that their basic component is 
the one leading the dissolution process of cellulose. To our knowledge, 
this work is the first highlighting the role of a high positive net-basicity 
(comparable to that in ILs and DESs) on the obtention of suspensions on 
underivatized cellulose in a nonpolar-antisolvent via sonication, which, 
besides our studies of disaggregation by adding a second nonpolar- 
antisolvent (see DLS results), could be relevant for future studies using 
nonpolar-antisolvents having however similar net-basicity values.

3.3. Fourier transform infrared (FTIR) spectroscopy

Fig. 1 shows the FTIR absorption spectra (in the wavenumber range 
3800–800 cm− 1) of: THF alone (versus air as blank), un-sonicated MCC 
powder (versus a dried KBr crystal as blank), cellulose-THF (0.5 mg/mL) 
(versus THF as blank), and a cellulose drop-casted films (versus the un
derlying Si/SiO2 surface as blank).

Overall Fig. 1 shows that in all the spectral range the MCC powder 
and the drop-casted film from the suspension in THF are practically 
identical (subtle differences due to crystallinity are discussed ahead). 
This is in agreement with previous reports showing identical FTIR 
spectra between cellulose treated with different physical–chemical 
treatments and the starting materials, for example amorphous cellulose 
obtained by milling MCC;(Wan Ishak, Rosli, and Ahmad 2020) NC 
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obtained from soybeans via different levels of ultrasound or high- 
pressure homogenization treatments; [143] CFs extracted after chemi
cal (KOH) treatment and freeze drying of CNFs; [145] CNCs after being 
sonicated; [148] NC fibers and grass wastes treated with sodium NaClO; 
[3] or CNCs obtained from different sources.(Chhavi [135,116,102,121]
Please notice that to our knowledge, only complex reactions during 
sonication-assisted enzymatic hydrolysis generate changes in the FTIR 
spectral features, see e.g. [26].

In more detail: Fig. 1 shows that both the MCC powder and the 
cellulose film generate a FTIR band in the 3400–3260 cm− 1 spectral 
region (centered ≈ 3350 cm− 1), which in turn is not present in the 
spectrum of the THF alone. Besides indicating water content in the 
sample, bands between 3700–3200 cm− 1 are assigned to three types of 
H-bonding in cellulose: O(2)H-O(6) intramolecular, O(3)H-O(5) intra
molecular, and O(6)H-O(3) intermolecular. [75] In regard to other 
characteristic cellulose bands, Fig. 1 shows bands around 2924 cm− 1 

from MCC and drop-casted films, previously used to distinguish between 
C-H signals with aid of the fingerprint region between 2000–600 cm− 1; 
(Shi, Xing, and Lia 2012) at around 1426 and 895 cm− 1, used previously 
to analyze crystallinity changes with the method by Nelson & O’Connor; 
[85,113]also a band centered around 1640 cm-1, associated with O-H 
bonding [51] and water content of cellulosic materials, [72] (M.-F. 
[152] particularly the bending mode; [98,8]and also a band around 
1430 cm− 1, associated with –CH2 bending at C6; [123,51]a band 
centered around 1050 cm− 1, associated with C–H vibration and 
β-glycosidic linkages. [51].

Thus, because of the nearly identical nature between the spectra of 
MCC and the film obtained drop casting the suspension in THF, it is 
reasonable to state that the narrow character of the band generated by 
the suspension in THF at around 3300 cm− 1 (Fig. 1) is not caused by 
structural changes in the cellulose in suspension, neither a smaller 
intermolecular H-bonding network, [123]but because of detection lim
itations due to low concentration.

In regard to changes in crystallinity due to sonication, Fig. 1 shows 
that the absorption spectra of MCC and film are closer to each other at 
1430 cm− 1 than at 2900 cm− 1. This is in agreement with the literature, 
which reports that larger absorption values at ~ 1429 cm− 1 indicate a 
larger crystallinity. [113] This is clearer when using the crystallinity 
indexes of Nelson & O’Connor Cr.R1 = A1372/A2900 and Cr.R2 = A1430/ 
A893. [113] Inserting the absorbance values of the MCC and film spectra 
in these ratios are obtained the values Cr.R1MCC = 0.2178/0.2553 =
0.853 and CrR1.FILM = 0.2243/0.2774 = 0.809, respectively. Thus, ac
cording to the Cr.R1 ratio, the cellulose in the drop-casted film is (0.809/ 
0.853) 5.2 % less crystalline that in the MCC powder, while the Cr.R2 
ratio suggests that the cellulose in the film is the same to that in the MCC 
(see Table S-1 in the Supplementary File). Since the bands used in Cr.R1 
relate to C-H bending (~1372 cm− 1) and C-H stretching (~2900 cm− 1) 

vibration bands, while the bands used in Cr.R2 relate to asymmetric CH2 
bending (“crystallinity band”, ~1430 cm− 1) and C-O-C stretching of the 
β(1,4)-glycosidic linkages (“amorphous band”, ~898 cm− 1), [113] our 
results suggest that 15 min of sonication decrease crystallinity mainly by 
modifying the vibration bands of the C-H groups in the β(1,4)-D-glu
copyranose units, while barely modifying the CH2 and C-O-C groups. 
Thus, overall our results suggest that (i) sonication during 15 min in THF 
causes a decrease in crystallinity of 5 %, (ii) mainly related with changes 
in H-bonding than with changes in the DP values. The results reported by 
Mattonai et al. using the same MCC [85] support this assumption, since 
that investigation reported that milling causes an important decrease in 
the Cr.R2 = A1430/A893 index. Since milling is much harsher than 
sonication in THF, which would cause an important change in the sig
nals related to the C-O-C stretching of the β(1,4)-glycosidic linkages.

Thus, from the network of noncovalent interaction forces present in 
cellulose (described in the introduction section) constituted by H-bonds 
(between the –OH hydroxyl groups at C2, C3, and C6 of the monomers, 
[14] and also van der Waals (vdW) interactions)(Paulsen [106] which 
together with the stiffness of the glycosidic linkage, generate crystalline 
domains),(Mariano, Kissi, and Dufresne 2014) sonication in THF seems 
to not affect the latter. In other words, the decrease in crystallinity seems 
to be mainly caused by a disruption of the H-bonding and VdW networks 
instead of breaking the polymeric chains, which is reasonable because of 
the low sonication energy and the nonpolar-antisolvent nature of THF.

Thus, despite that in principle, after the high reactivity of the 
amorphous regions within MCC, and also the low energy related to 
sonicating it in a nonpolar-antisolvent during 15 min at 40 kHz/70 
Watts, should release mainly amorphous cellulose, our FTIR results 
suggest that after sonication in THF, there are obtained particles 
constituted by amorphous cellulose and also crystalline material.

Interestingly, according to literature, NC materials are obtained via 
ultrasound only when it is coupled with acid or enzymatic hydrolysis, 
[55] which are much harsher conditions than those provided by THF. 
Further quantitative studies on the effect of sonication on the values of 
CI or DP (e.g. similar to the study by Mattonai et al. [85], are above the 
scope of the present work (and indeed constitute part of its future per
spectives), however our analyses and conclusions hold despite the spe
cific extent of crystallinity/amorphicity of the material, because both 
types have –OH groups exposed, capable of interacting with THF or 
CHCl3.

Finally, please notice that the spectra of MCC and drop-casted film 
show a barely defined FTIR band at around 2200–1900 cm− 1, which can 
be reasonably attributed to impurity traces in the commercial MCC used 
in the present work, as it has been observed in at least one reference 
using MCC from Sigma.(H. [149] However, since such a band has been 
also observed in the spectra from extractives of cellulosic materials (e.g. 
(Md Salim, Asik, and Sarjadi 2021), a further analysis is provided here. 
In regard to lignins, bands at 2129 and 2019 cm− 1 are assigned to C=C 
stretch vibration of the lignin aromatic ring. However, the spectra in 
Fig. 1a,b does not show several other bands that are also associated with 
lignin, such as those around 1750–1500 cm− 1 from aromatic skeletal 
vibration [146,29]nor those at 1611 cm− 1 from the aldehyde group in 
lignin, nor at 2350 cm− 1, associated to the presence of carbon dioxide. 
[2]Furthermore, in the fingerprint region are not observed complex 
bands in the 1515–1505 cm− 1 region from aromatic skeletal vibrations. 
[58] Besides lignins, hemicelluloses, oxycelluloses and furans are im
purities also commonly found in MCC.(“MicroCrystalline Cellulose 
Chemical Characterization Services,” n.d.) In this regard, Fig. 1a,b does 
not show bands from carbonyl groups with oxidized cellulose, at 1740 
cm− 1, [18] (Y. [140]or 880 cm− 1, [18]Thus, it is reasonable considering 
that the band band at around 2200–1900 cm− 1 is caused by impurity 
traces that are negligible in comparison with the clear and typical cel
lulose spectral features from the MCC starting material and the amor
phous cellulose present in THF after sonication/filtration.

Fig. 1. FTIR absorbance spectra (as labelled) of THF, MCC powder, cellulose 
suspension in THF (at 0.5 mg/mL) and drop-casted film, in the wavenumber 
range 3800–800 cm− 1. Dashed vertical lines indicate the wavenumbers 2900, 
1430, 1372 and 893 cm− 1 (as displayer by the Spectragryph freeware) used to 
estimate the Nelson & O’Connor crystallinity indexes Cr.R1 (1372 cm− 1/2900 
cm− 1) and Cr.R2 (1430 cm− 1/893 cm− 1). [113].
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3.4. Computational complementary analyses

Besides confirming the presence of cellulose in THF with FTIR, 
complementary qualitative computational studies were used to further 
rationalize the formation of suspensions in THF but not in CHCl3. Fig. 2
shows the DFT optimized syn cellobiose dimer and the cellobiose-THF, 
in vacuum. Figure S-1 in the Supplementary File shows the optimized 
complexes of cellobiose with CHCl3, water, methanol and AcO-. The 
characteristic lengths of intra-molecular interactions (HINT1, HINT2) 
and that formed with the solvents or anion (HEXT1) are resumed in 
Table 2. The calculated total electronic energies (E, in Hartree), en
thalpies (H, in Hartree), Gibbs free energies (G, in Hartree), and en
tropies (S, cal/mol•K) for optimized equilibrium model structures are 
shown in Table 3.

Considering the lengths and angles generated in the cellobiose 
optimized geometry as being unaltered due to the presence of any 
external molecule, the data in Table 1 (extracted from Fig. 2 and S-1) 
shows that: the presence of CHCl3 barely modifies the lengths of HINT1 
and HINT2, and also the angle of HINT2, while the angle of HINT1 re
mains indeed unchanged. On the other hand, water, methanol and the 
acetate anion decrease the length of HINT1 from 2.628 in cellobiose 
alone, to values below 2 Å, while THF decreases this length to 2.1 Å. The 
same trend is observed in regard to the angle of HINT1, with water, 
methanol and acetate modifying this angle to values above 163.5◦, and 
THF causing a smaller change of 158.6◦. As shown in Table 2, the exact 
same trends are observed for the lengths and angles of HINT2 in pres
ence of the solvent or anion molecules, with the acetate anion gener
ating the shortest length of the interacting bond with cellobiose (1.586 
Å). These qualitative results clearly show the lack of interaction between 
the acidic proton in CHCl3 and the cellobiose dimer. Moreover, a shorter 
length of H-bonds with cellobiose referred to a better solubility of cel
lulose in the ionic liquids, and also confirmed the premise of the cellu
lose dissolution that the hydrogen bond formed between ionic liquid and 
cellulose must be stronger than the intramolecular H-bonds of cellulose. 
(X. [82]Thus, in agreement with the gravimetric results, the results of 
DFT calculations reveal that the supramolecular association of cellulose 
with THF is indeed thermodynamically favorable (ΔG = − 20.9 kJ/mol), 
whereas supramolecular association of cellulose with CHCl3 is unprof
itable (ΔG = 8.1 kJ/mol) in terms of calculated Gibbs free energies of 
reaction. Table S-2 shows the calculated total electronic energies (E, in 
Hartree), enthalpies (H, in Hartree), Gibbs free energies (G, in Hartree), 
and entropies (S, cal/mol•K) for optimized equilibrium model struc
tures. In regard to the noncovalent interactions (NCI) analysis, Figure S- 

1 in the Supplementary File shows the intermolecular interactions in the 
optimized equilibrium model supramolecular associates cellobio
se⋅⋅⋅THF and cellobiose⋅⋅⋅CHCl3, NCI shows a stronger interaction with 
the –OH groups in cellobiose than those present when interacting with 
CHCl3.

Overall the qualitative computational results indicate a thermody
namically unprofitable interaction between the cellobiose dimer and 
CHCl3, while THF generates values that indicate such an interaction is 
indeed possible, in some cases in a similar fashion to the interactions 
generated with polar solvents and anions. This is in agreement with our 
experimental results, which shows that the highest net-basicity of THF 
increases the interactions with the –OH groups, which behave as acids, 
while CHCl3 presents weaker interactions despite the hydroxyl groups in 
cellulose as mainly as bases.

3.5. Atomic force microscopy (AFM)

Fig. 3 shows AFM micrographs of drop-casted cellulose surfaces from 
THF onto Si/SiO2 at different scales ranging from 4 to 0.4 µm. As dis
cussed in the DLS results ahead, the Rh values estimated are similar to 
previous works obtained using the same pore filter cutoff to filter CNCs. 
(Y. [57,16,62] In this regard, Fig. 3 shows that regardless the scale, the 
micrographs in Fig. 3 do not show the presence of structured materials 
such as crystals or fibers, in scales ranging from 4 to 0.4 squared mi
crons. Instead, at larger sizes are observed globular, irregular structures, 
while at lowers sizes is observed the presence of material, however 
without showing any crystalline or fibrillar structure. These results are 
completely different to those from cellulosic materials obtained previ
ously using sonication-assisted methods (at scales similar to those in 
Fig. 3), such as MCC,[141]NC,[65,143,41]NCC,[137,26,78]CNCs,
[125,148] (Di [30,62,102,116,16,132,101] (Chhavi [135,53] spherical 
CNCs, [25] functionalized CNCs, [144]CNFs,[3,145] nano whiskers, 
(Nascimento et al. 2015) and BC fibrils. [107].

Of course “absence of evidence does not mean evidence of absence”, 
particularly when considering the crystallinity estimated using the 
Nelson & O’Connor indexes which suggests that after sonication in THF, 
there are obtained particles constituted by amorphous cellulose and also 
crystalline materials, which would aggregate/agglomerate into the 
globular structures observed in Fig. 3. However please notice that 
obtaining spherical cellulose particles is not trivial as it requires a 
shaping step after cellulose regeneration, as reviewed by Carvalho et al. 
[20] Thus the globular structures shown in Fig. 3 could be explained to 
form after of the relatively large surface energy of the silicon substrate, 

Fig. 2. (a) syn cellobiose dimer optimized at the ωB97XD level (after an optimization at the M06-2X level), [92]) showing the intra-molecular bonds HINT1 and HINT2 
(under a cutoff of 2.7 Ã…; and (b) cellobiose-THF complex optimized at the ωB97XD over the pre-optimized cellobiose dimer in “a”, showing the noncovalent 
bonding stablished between cellobiose and THF (HEXT1). For easier visualization: some characteristic oxygens are enhanced with a larger font, rings (from glucose 
and THF) are highlighted with color, and THF is shown with a wireframe. (For the complexes between cellobiose and CHCl3, water, methanol and AcO- please see 
Figure S-1).
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as it has been reported in a study on PMMA (a linear unbranched ho
mopolymer, similarly to cellulose). [48] In such study, the size of the 
aggregates increased with the PMMA concentration and was always 
larger than the size of the aggregates in solution measured by DLS. In 
regard to the latter, the globular aggregates in Fig. 3, within the microns 
range, are indeed larger than the DLS estimations (Rh ~ 255 nm, see 
details in the DLS section next).

3.6. Dynamic light scattering (DLS)

Fig. 4 shows Rh distributions (a, b) and intensity autocorrelation 
function decay curves (c, d) generated by either the cellulose suspen
sions in pure THF (i.e. XCHCl3 = 0) at three concentrations (0.5, 0.25, and 

Table 2 
Intra-molecular cellobiose bonds (HINT1 and HINT2) lengths (in Å) and angles for the simulated systems, together with the complex cellobiose-solvent (or − anion) 
bond length (HEXT1) for the simulated systems.

HINT1 
(H14⋅⋅⋅O11)

HINT2 
(H14⋅⋅⋅O2)

HEXT 

Cellob(H22)⋅⋅⋅SOLV
System Length Angle* Length Angley Length Angle‡

Cellobiose 2.628 124.7 1.848 158.4 − - − -
Cellob⋅⋅⋅THF 2.116 158.6 2.172 122.6 1.765 171.2
Cellob⋅⋅⋅CHCl3 2.362 124.7 1.854 156 2.9¶ 72.8¶
Cellob⋅⋅⋅Water 1.98 164.1 2.48 101.7 1.845 160.3
Cellob⋅⋅⋅MetOH 1.87 167 2.367 105.8 1.753 170.5
Cellob⋅⋅⋅AcO– 1.912 163.5 2.155 116.3 1.586 167

* O7-H14⋅⋅⋅O11.
† O7-H14⋅⋅⋅O2.
‡O11-H22⋅⋅⋅Solvent.
¶ Considering the interaction between O11 from cellobiose (acting as a Turbak base) and the acidic H in CHCl3.

Table 3 
Calculated values of Gibbs free energies of reaction (ΔG in kJ/mol) for model 
processes.

Model process ΔG

Cellobiose + THF → Cellobiose⋅⋅⋅THF ¡20.9
Cellobiose + CHCl3 → Cellobiose⋅⋅⋅CHCl3 8.1
Cellobiose + Water → Cellobiose⋅⋅⋅Water − 15.5
Cellobiose + Methanol → Cellobiose⋅⋅⋅Methanol − 26.3
Cellobiose + AcO– → Cellobiose⋅⋅⋅AcO– − 120.9

Fig. 3. Typical height AFM micrographs of the drop-casted cellulose at different scales, as shown.
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0.1 mg/mL), or by the suspensions in THF-CHCl3 mixtures (i.e. XCHCl3 =

0.8 & 0.9), at 0.1 mg/mL, either after the original 40 min of sonication, 
or after adding 120 min (for a total of 160 min of sonication) to the 
filtered suspensions.

Fig. 4a shows that regardless the concentration (0.1 or 0.5 mg/mL), 
the samples in pure THF (XCHCl3 = 0) generate an average Rh ~ 255 nm 
with a size distribution ranging between 140–460 nm. These dimensions 
confirm the assumption sketched in the gravimetry results section, about 
having a suspension in THF after sonication/filtration. In principle, the 
0.45 μm filter membrane should generate particles with maximum Rh 
values close to 450 nm, however, it is known that reactions such as 
aggregation of adsorbed natural organic material is one of the known 
drawbacks of filtration. [35].

The particle average Rh ~ 255 nm is within the range of different Rh 
estimations from structured materials (e.g. crystals or fibers) obtained 
from different raw materials and treatments, such as Rh ~ 50–200 nm 
from NCC; [137,78,144]Rh ~ 60–400 nm from CNCs;(Di 
[30,121,125,65,101] (Chhavi [135]Rh ~ 260 and 150 nm from func
tionalized CNCs; [132]Rh ~ 100 < to 260 nm from CNFs; 
[105,145,107,121]or Rh ~ 200–400 nm from NC; [143]and Rh ~ 
100–300 nm from cotton fibers.(Nascimento et al. 2015) (All of the 
references cited here confirmed the presence of structured materials 
(crystals or fibers) using microscopy techniques). The similarity between 
our results and the cited literature in regard to the Rh value can be 
explained by the use of membranes with a pore size cutoff of 450 nm, 
which has been used previously used to filter CNCs.(Y. [57,16,62]For 
example, Hu and Abidi fractionated particle size distributions of size- 
unified CNCs ranging in 9 − 1700 nm, by using membranes with cut
off values of 220, 450 and 800 nm.(Y. [57] In regard to the correlation 
coefficient values, Fig. 4b shows that all the XCHCl3 = 0 samples generate 
the same the decay time (≈ 100 K μs) because of having similar average 

particle sizes. The samples also generate similar decay steepness, which 
suggests that changes in concentration do not generate important 
changes in the size-polydispersity of the samples, because it is known 
that size-monodisperse samples generate steeper decays.(“Dynamic 
Light Scattering: An Introduction in 30 Minutes” 2014))
[64,142,108,27].

The fact that the 0.1 and 0.5 mg/mL suspensions in THF generate 
similar Rh values, suggest a limiting particle size in equilibrium with 
THF and neighboring particles, without precipitating into larger ag
gregates/agglomerates when hydrodynamic volumes of the polymers 
overlap, leading to uncontrolled precipitations, as observed previously 
when monitoring the specific viscosity (not particle size) of cellulose 
diacetate pure granules in THF. [110] This explanation holds for pre
vious studies on gelsolin, for which it was also observed the presence of 
the same Rh value however different intensity values, which was 
explained to be caused by the formation of “reclusive oligomers” [9] 
having the same particle size regardless larger concentrations.

The DLS data generated in the present work shows that for larger Rh 
values the intensity decreases (see Fig. 4a). This trend is opposite to that 
observed during the process of nucleation of gelsolin cited here. [9] 
Thus, our data shows that concentration does not change the Rh value, 
suggesting some sort of reclusive nucleation, different from uncontrolled 
precipitation, which would lead to fibrillar structures. The data obtained 
in presence of the purely acidic antisolvent CHCl3 provides further un
derstanding on this.

3.7. Disaggregation in suspension

Fig. 4a shows that the suspensions in mixed solvent with 80 % v/v of 
CHCl3 (XCHCl3 = 0.8), generate an average value Rh of ~ 320 nm, which 
is 25 % larger than that from the 0.1 mg/mL XCHCl3 = 0 suspensions, 

Fig. 4. (a, c) Typical hydrodynamic radius (Rh) profiles; and (b, d) correlation function plots; of cellulose suspensions in THF alone (i.e., XCHCl3 = 0) or in the solvent 
mixture THF-CHCl3 (XCHCl3 = 0.8 or 0.9) at different concentrations, after 40 or 160 min of sonication (as shown). In “c” and “d” the data obtained after 40 min of 
sonication (i.e. that shown in “a” and “b”) is also shown for comparison purposes.
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while the XCHCl3 = 0.9 suspension generate Rh ~ 610 nm, which is 145 % 
larger than XCHCl3 = 0 suspension, generating also a much broader 
distribution of particle sizes, indicating a higher dispersity. In regard to 
the correlation coefficient, the XCHCl3 = 0.9 suspensions generate much 
smaller values, with decay times 2 orders of magnitude smaller than 
those of the XCHCl3 = 0 & 0.8 samples, which in turn are similar between 
each other.

3.8. Disaggregation on the surface of water (Langmuir trough 
experiments)

In regard to the increase of the particles in suspension because of 
CHCl3, Figure S-3 shows that the film spread from the suspension in THF 
alone (XCHCl3 = 0) occupies around 10 % of the total surface area in the 
instrument, while films obtained by dropping the XCHCl3 = 0.8 & 0.9 
suspensions occupy around 30 and 60 %, indicating disaggregation of 
the particles standing onto the surface of water (in the case of the XCHCl3 
= 0.9 film, it generates aggregates with the largest surface areas despite 
having half of the surface concentration than the XCHCl3 = 0 film). On the 
other hand, Figure S-4 shows that the XCHCl3 = 0 & 0.8 films have a 
clearly different morphology. The fact that even onto the surface of 
water the CHCl3 has a disaggregating effect provides further evidence 
that the disaggregation in suspension observed by DLS is not caused by 
possible moisture THF and CHCl3, simply because in presence of water 
any possible “drying” effect by CHCl3 should be nullified, and the ag
gregation observed in the air/water interface should be minimized. 
However our results show that the disaggregating effect of CHCl3 is even 
larger. Furthermore, relaxation surface pressure curves (holding the 
device barriers and recording the change in surface pressure, which 
reflects internal molecular rearrangements within the Langmuir films) 
show identical kinetics between the XCHCl3 = 0 & 0.9 films (results not 
shown), indicating that any possible moisture in THF, which could be 
dried by CHCl3, is not the cause of the disaggregative effect of CHCl3.

3.9. The role of cosolvency during the disaggregation of the cellulose 
particles

Continuing with the DLS analyses, despite our gravimetry results 
show that it is not possible generating suspensions via sonication in the 
nonpolar-antisolvent CHCl3 (a trend also observed in our qualitative 
computational complementary analyses), it is indeed possible having 
suspensions in a media with 10 % THF and 90 % CHCl3 (XCHCl3 = 0.9). 
This is relevant because (i) in order to obtain dispersions of NC in a 
nonpolar solvent such as CHCl3 it is mandatory to perform a solvent 
exchange process, as previously done when starting from acetone (polar 
aprotic with a dielectric constant of 21);(Indarti, Marwan, and Wan 
Daud 2020) and (ii) our results indicate the occurrence of a cosolvency 
effect, where a mixture of two poor solvents or antisolvents for a poly
mer provides a medium that acts as a good solvent, [46] − or at least 
relatively better solvent, in our case-.The extent of increase in Rh due to 
the presence of CHCl3 observed in the present work (145 %), is over 5 
times larger than the 28 % increase in Rh reported by Peesan et al. [109] 
using hexanoyl-chitosan, with Rh values of 38.5 and 39.9 nm in THF and 
CHCl3 respectively, which the authors rationalized to be caused by a 
freer chain expansion occurring in CHCl3. The smaller extent of increase 
in CHCl3 reported by these authors can be explained by the hexanoyl 
functionality in their solute, which is expected to decrease the effect of 
solvent acidity/basicity, after the presence of stronger dispersive inter
action forces. A good limiting case of this is the work by Cametti et al., 
[19]for polyphenylacetylene (PPA), which generated similar Rh ~ 260 
nm in THF, CHCl3 or toluene, because of the effect of the phenyl units 
decreasing the relevance of acid-base interactions. In resume, these 
contributions show that for molecules including hydrophobic function
alities, THF and CHCl3 become comparable due to similar polymer 
expansion, after acid-base interactions become less relevant.

Thus, after the work by Peesan et al. [109], and also because of the 

well-known fact that cosolvents are more effective in expanding the 
polymer coil than increasing temperature, with mixtures of two poor 
solvents or antisolvents for a polymer providing a medium that acts as a 
good solvent, [46]our results suggest that despite the antisolvent nature 
of CHCl3 for cellulose, when it is added to the nonpolar environment of 
the suspensions in THF, it behaves as a cosolvent as it effectively induces 
disaggregation/deagglomeration. (Please notice that if CHCl3 would 
promote further aggregation, it would be labelled a “cononsolvent” [46] 
(or co-nonsolvent, or co-antisolvent, or co–/antisolvent, all terms used 
in the literature)).

This aspect may be exploited in future investigations focusing on the 
exchanging of solvent and antisolvent, (El Seoud, Omar A. et al. 2019; 
[79,10] and diffusive processes [79] to reestablish inter- and intra- 
molecular H-bonds [10] mentioned in the introduction section, how
ever, under null polarity. This has not been explored in the literature to 
the best of our knowledge.

Another set of (bibliographic) studies on supramolecular properties 
of polymers using THF and CHCl3 are those by Bistac and co-authors, 
[12,13]focused on the disaggregation of stereoregular PMMA (a linear 
unbranched homopolymer, similarly to cellulose) dissolved in THF and 
disaggregated by adding CHCl3, The authors sketched that the formation 
of PMMA aggregates depends, among other parameters, on the devel
opment of acid-base interactions between PMMA chains and the solvent 
molecules, analyzing the results in terms of the so-called complexing 
power of the solvents, in turn correlating it to their acid-base character. 
PMMA has a basic nature due to its ester functional groups with a 
carbonyl oxygen atom. On the other hand, the acidic (H-bonding donor) 
hydrogen atom in CHCl3 promotes strong acid-base interactions with 
PMMA, forming acid-base complexes between the ester basic group of 
PMMA and the hydrogen acid atom of CHCl3. Such acid-base in
teractions then become comparable to the hydrophobic interactions, 
thus helping to hinder the formation of chains aggregates, promoting 
disaggregation via Lewis acid-base PMMA-CHCl3 interactions that are 
stronger than the inter- and intra-molecular PMMA-PMMA interactions, 
driven by the poor solute–solvent interactions in THF. The cited authors 
did not take into account steric effect and macromolecular conforma
tions of aggregates, [12]however, the similar molar volumes of THF and 
CHCl3 (see Table 1) suggest that steric effects are not critical. Regardless, 
following these contributions, it is reasonable to propose qualitatively, 
that because of the relatively high Kamlet-Taft net-basicity of the 
nonpolar-antisolvent THF (similar to ILs and DESs used in the context of 
cellulosic materials), and also the energy input of 40 kHz/70 Watts 
sonication, the interaction between THF and the –OH groups in the 
anhydroglucose units, acting as Turbak acids (H-bonding donors) be
comes thermodynamically possible (which is in agreement with DFT 
qualitative analyses in vacuum). Such cellulose-THF interaction how
ever is weak, due to weak solute–solvent interactions in the nonpolar- 
antisolvent THF, generating cellulose aggregates after the formation of 
inter- and intra-molecular cellulose H-bonds. However, because of the 
ability of the –OH groups in cellulose to behave as Turbak bases, adding 
the Kamlet-Taft purely acidic CHCl3 cause disaggregation by over
coming polymer–polymer interactions via the formation of Lewis acid- 
base complexes between the hydrogen atom of CHCl3 and the –OH 
groups in the anhydroglucose units, together with the discussed cosol
vency effect.

Please notice that the works cited here, by[12,109]and[19] can also 
be satisfactorily explained in terms of Kamlet-Taft acidity/basicity 
(similarly to examples provided in Section S-1.1. in the Supplementary 
File).

Detailed studies on cosolvency lie out of the scope of the present 
work, since those require evaluating its effect on parameters such as 
viscosity, similarly to previous works with PMMA in binary solvent 
mixtures of ACN with pentylacetate or 1-butanol.[46].
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3.10. Excess sonication

Since crystalline regions are known to degrade when using high 
temperatures such as 80 ◦C [3] or long-time ultrasonic treatments. 
[26,148,141,6] (reason why deagglomeration is one of the main roles of 
ultrasound used in the treatment of NC materials), [55] in the present 
work the stability of the suspensions was tested by adding 120 min of 
sonication to the samples, which in turn also causes an increase in 
temperature (from 25 to 40 ◦C), in order to obtain further information 
on the cellulose particles in THF or THF-CHCl3.

Fig. 3c shows that after the extra sonication, the sample without 
cosolvent (XCHCl3 = 0) generates an Rh = 200 nm, which is 25 % smaller 
to that of the samples sonicated 40 min (255 nm), suggesting that larger 
sonication energy and thermal energy cooperate in breaking the ag
gregates of cellulose. When the chemical energy (orthogonal Lewis 
properties) provided by CHCl3 is added, Rh decreases by 44 % (from ~ 
320 nm to ~ 180 nm) in the XCHCl3 = 0.8 suspension, and by 85 % (from 
~ 610 nm to ~ 90 nm) for the XCHCl3 = 0.9 suspension. In all cases, the 
values of the correlation coefficient and decay times increase, further 
indicating the presence of smaller particles (Fig. 3d). For nanoparticles 
in general, poor solute–solvent interactions can generate either aggre
gates and/or agglomerates, depending if the interparticle forces are strong 
(e.g. formed during synthesis), or loose (can barely withstand external 
stress), respectively. [118] A good example to differentiate between 
aggregation and agglomeration of CNCs, is that reported by Chang et al., 
[23] in which adding a polar cosolvent (DMF) to aqueous suspensions of 
CNCs (which are aggregated, due to the nonsolvent nature of cellulose 
for CNCs), causes a decrease in the Rh values. This result, opposite to our 
results, indicates that for structured materials such as CNCs, improved 
cellulose-solvent interactions lead to an increase in the number of single 
CNCs with smaller Rh values than agglomerated CNCs.

As proposed in our DLS results, in the case of polymers, improved 
solute–solvent interactions causes the swelling of the aggregates, 
increasing the Rh values. Since the AFM micrographs of drop-casted 
XCHCl3 = 0 suspensions (Fig. 3) do not show evidence of any type of 
structured material, and also, since the thermal or mechanical force 
required to break polymeric cellulose chains is much larger than that of 
sonication at ~ 40 ◦C, our results under excess sonication suggest that 
the aggregates of cellulose obtained in THF are indeed formed by 
agglomerated aggregates: small aggregates of crystalline and amorphous 
cellulose linked in turn via H-bonding when interacting with anti
solvents, which cannot keep bonded after increased sonication time and 
temperature. The polydispersity of Rh values could correlate with 
different polymeric lengths. This simple DLS criterion could be a simple 
way to distinguish between polymeric cellulose and cellulose nano
particles, and to our knowledge has not been reported in the literature.

4. Conclusions & future perspectives

This work reports the production of suspensions of cellulose in the 
purely basic nonpolar-antisolvent THF by means of sonication with 
frequency and power of 40 kHz and 70 Watts respectively. Sonication 
allows generating suspensions in-situ in THF in a single operation, 
differently from methods involving milling of MCC and then stirring in 
the selected solvent. Under sonication-assisted conditions, the phys
ical–chemical properties of cellulose (capabilities to behave as a Turbak 
acid, high reactivity of amorphous regions), and THF (low viscosity and 
surface tension, high net-basicity and molar volume) interact in a coop
erative manner to generate the suspensions of cellulose in a non- 
derivatizing nonpolar-antisolvent such as THF. The role of the rela
tively large positive net-basicity of THF was demonstrated by the purely 
acidic CHCl3, which despite having similar molar volume, viscosity and 
surface tension than THF (the latter two improving ultrasonic cavita
tion), has a negative value of net-basicity, compromising the production 
of sonication-assisted suspensions, despite cellulose has shown to 
behave as a (Turbak) base in polar media. (Complementary qualitative 

computational DFT in vacuum, and NCI analyses also show that THF is 
thermodynamically favorable over CHCl3). Because of the membrane 
cutoff values selected as an effective and simple fractionation method, 
the particles in THF are within the range of previously reported cellulose 
particles. FTIR spectroscopy indicates that the cellulose in the THF 
suspension after sonication is around 5 % less crystalline than the 
starting MCC material. The results of the experiments of disaggregation 
using the nonpolar-antisolvent CHCl3 (in suspension and using Lang
muir films on the surface of water), together with the incapability of 
CHCl3 alone to generate suspensions, provide evidence of the occurrence 
of a cosolvency effect (instead of cononsolvency) under nonpolar con
ditions when using CHCl3 as a second antisolvent. This is relevant 
because shows that cosolvency can be exploited to generate processes 
analogous to solvent exchange procedures, for example, in order to 
obtain dispersions of NC in a nonpolar solvent such as CHCl3 it is 
required a solvent exchange process from acetone (polar aprotic; 
dielectric constant of 21) into nonpolar CHCl3. (Indarti, Marwan, and 
Wan Daud 2020) These results also demonstrate that the net-basicity 
(estimated from Kamlet-Taft, or other solvent scales such as Gutmann) 
overall shows to be a complementary descriptor to other scopes such as 
e.g. the complexing power discussed before by [12,13]. Our results 
suggest that the purely acidic character of CHCl3 would then cause 
disaggregation by overcoming polymer–polymer interactions via the 
formation of Lewis acid-base complexes between the hydrogen atom of 
CHCl3 and the –OH groups in the anhydroglucose units (acting as Lewis 
bases) and the acidic hydrogen in CHCl3. Such interactions however are 
only possible in presence of THF, demonstrating the role of cosolvency. 
Excess sonication experiments suggest that the particles observed in THF 
are indeed agglomerates of aggregates: small aggregates of cellulose 
linked in turn via H-bonding when interacting with antisolvents, which 
cannot keep bonded after increased sonication time and temperature, 
the polydispersity of Rh values could correlate with different polymeric 
lengths. This simple DLS criterion could be a simple way to distinguish 
between polymeric cellulose and cellulose nanoparticles.

To the best of our knowledge our scope has not been reported in the 
literature. Thus, the suspensions in THF and also those in mixed THF- 
CHCl3 binary systems could present a novel platform to perform studies 
on the dissolution/regeneration of cellulose, by performing different 
studies, using proper chemical probes (e.g. ILs or DESs), substrates and 
matrices, under purely Lewis acid-basic interaction forces in nonpolar 
media, and also appropriate physical methods and analytical approaches 
in order to analyze systematically the regeneration processes and 
rationalize new methods for gaining insight in mechanics useful to get 
precise control of supramolecular structures (for example, focusing on 
the exchanging of solvent and antisolvent), using appropriate experi
mental and/or complementary computational methods, taking advan
tage of an environment with limited forces of interaction by using the 
nonpolar-antisolvent approach, evaluating correlations with solvent 
parameter scales when possible. Please notice that these possibilities are 
also extensive to polymers different from cellulose, as shown by the 
examples cited in the present work.
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Mäkiläa and Martti Kaasalainen for their support such instrument. From 
Malvern Instruments Ltd. to Michael Kaszuba because of his technical 
support in regard to the use and interpretation of the DLS instrument, 
and also for suggesting the respective experimental/analytical 
approach. From Universidad Autónoma Metropolitana are acknowl
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