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Abstract 

Native cellulose is insoluble in water, despite the high number of hydrogen bonding 

sites per chain, as molecules preferably hydrogen bond to each other, preventing its 

use in industrial applications.  The modification of cellulose has received 

considerable recent attention, motivated by the move away from conventional 

petroleum-based, water-soluble polymers, however, a systematic analysis of the 

effects of modification is rare. Herein a detailed study of hydroxypropyl (HP)- and (2-

hydroxypropyl) trimethylammonium chloride-modified cellulose, with degrees of 

substitution (DS) determined by NMR, establishes modification-property 

relationships. TEM, small-angle X-ray scattering and rheology demonstrated that 

increasing DS gradually changes the aqueous solubility, resulting in the formation of 

different morphologies, including micron-sized aggregates, needle-like cellulose 

nanoparticles (CNPs) and solvated molecules. It was found that aqueous dispersions 

with DSHP of 50 %, assigned to a „sweet spot‟ in cellulose modification, are suitable 

for the fiber formation. It is shown that this state of the material can be easily 

detected by rheo-optical methods based on birefringence. Using structural analysis, 

molecular dynamic simulation and fiber-spinning results, it is proposed that co-

existing CNPs and cellulose molecules, interacting via H-bonding, form a network 

which orients under shear, acting as a precursor for the fiber formation from aqueous 

solutions. 
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1. Introduction 

Cellulose is an abundant, naturally occurring polymer found in algae [1,2], 

bacteria [1–5] and green plants [1,2,6,7] where it exists in a semi-crystalline state [8–

12]. The monomer unit consists of two pyranose (a six-membered ring consisting of five 

carbon atoms and one oxygen atom) rings, with each ring containing one 

hydroxymethyl group and two hydroxyl groups (Figure 1) [13]. The presence of such 

functional groups leads to many hydrogen bonding sites along the polymer chain 

[14]. This extensive hydrogen bonding produces a stiff chain [15], enabling its use in 

plant cell walls where it acts as a scaffold [11,16]. Surprisingly, despite the high 

number of hydrogen bonding sites per chain, cellulose is insoluble in water and most 

organic solvents [14], as the cellulose molecules hydrogen bond to each other, 

rather than with solvent molecules [17]. 

 

Figure 1. (a) Cellulose repeat unit structure, depicting the glycosidic linkages 
between the carbon rings, intramolecular hydrogen bonds (blue dashed lines) and 
intermolecular hydrogen bonds (red dashed lines) [2,18,19]; n and m indicated the 
degree of polymerization of the adjacent molecules. (b) Extended cellulose structure 
depicting intra- and intermolecular hydrogen bonds and the numbering system of 
carbons in a pyranose ring indicated by the blue numbers (1 – 6). 
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The inherent stiffness of the molecules as well as the extensive hydrogen 

bonding leads to the formation of highly oriented structural domains, causing 

cellulose to be birefringent [20]. Birefringence occurs when a material exhibits more 

than one refractive index, with each depending on the polarization and propagation 

of incident light. The degree of birefringence observed in cellulosic materials is 

directly related to the amount of lateral order within a fiber [20]. Due to this property, 

birefringence measurements have been utilized extensively in the research of these 

materials [17,21–24]. For example, birefringence has been used to demonstrate the 

alignment of individual crystal nanofibers in cellulose. Work performed independently 

by Mendoza-Galvan et al. and Hamza et al. investigated the degree of orientation in 

fibers during, or after, being stretched [24,25]. Both observed birefringence caused 

by the presence of long-range order of cellulose molecules within the fiber. The 

manifestation of birefringence in cellulose films has led to research into the 

application of cellulose in optical displays, such as liquid crystal displays (LCDs) [26]. 

Despite cellulose being frequently utilized in its native form in the paper and 

textile industries [27,28], a lack of water solubility prevents it being used more widely 

in most industrial applications. There is a number of approaches used to process 

cellulose to make it suitable for various applications: chemical modifications 

producing processable cellulose derivatives soluble in water and many organic 

solvents, or grinding/fibrillation/fluidization of cellulose into nanocellulose. Chemical 

modification to alter the cellulose structure has proven to be particularly effective 

[29,30]. Consequently, the modification of cellulose has received considerable 

attention over the last 150 years [13], from both industry and academia, with a recent 

wave of interest motivated by the move away from traditional petroleum-based 

polymers [1,2,5,31]. Of the different modification strategies utilized, the most 
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common target functionalization is the hydroxyl groups present on the cyclic 

backbone [11,32–34]. 

By performing selective modification of these hydroxyl groups, a range of 

properties can be introduced or altered depending on the substitution groups being 

used. In particular, solubility and viscosity of cellulose derivatives such as 

hydroxypropyl (HP) or hydroxypropylmethyl, or cationized (cat) cellulose are 

dependent on the degree of molar substitution (MS), distribution and type of 

substituents, and molecular weight of cellulose and cellulose derivatives. For 

example, when MScat of the cationized -1,3-glucan [35] or cellulose of cotton linter 

pulp [36] is higher than 0.16 or 0.2, respectively, the cationized celluloses are water-

soluble. Whereas, Schaller et al. have shown that 2,3-O-hydroxypropyl cellulose 

prepared regioselectively in heterogeneous reaction conditions already soluble in 

water when MSHP is 0.8 [37]. Moreover, Gosecki et al. prepared hydroxypropyl 

celluloses with various degree of substitutions and further modified them to produce 

methyl carbamate derivatives [38]. The solubility behavior and cloud point of the 

hydroxypropyl cellulose methyl carbamates in water solution were clearly dependent 

on the degree of substitution and molar masses of the cellulose derivatives. 

According to Bochek, the higher the degree of substitution of the hydroxyl groups, 

the lower the solubility parameter of cellulose acetate starting from 55.7 J-1/2 cm-3/2 

for unmodified cellulose [39]. The Hildebrand solubility parameter provides an 

estimation for the degree of interaction between materials; a solute and solvent with 

similar solubility parameters are likely to be miscible [40]. Furthermore, when the 

solubility parameter is equal to or lower than that of water (23.5 J-1/2 cm-3/2), 

dissolution of cellulose occurs [39]. This work highlights the ability to tailor the 

properties of cellulosic samples by simple modification routes to produce desirable 
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effects. However, cellulose molecular weight could be an important factor to consider 

as well. It has been demonstrated that the choice of cellulose with relatively low 

molecular weight (< 100 kDa) is essential for both the ease of dissolution and 

structural properties of spun fibres such as degree of orientation and crystallinity 

[41]. Thus, high molecular weight cellulose, with an increased number of 

entanglements between molecular chains, is neither good for dissolution nor fiber 

mechanical properties. Another property of cellulose that can be altered through 

modification is the gelation behavior of cellulose solutions; Gallego et al. found that 

the gel strength, of cellulose modified with isocyanates, was dependent on the 

amount of non-polar groups present after modification [42]. 

In theory, the material properties of cellulose can be tuned for a desired 

application by selectively controlling both the degree of modification and the 

chemical nature of the modifying groups. However, a systematic analysis of the 

effect of the extent and type of modification on the bulk properties of modified 

cellulose, involving experimental and theoretical techniques, is rare. In this study, 

cellulose was originally modified with HP groups in order to improve cellulose 

solubility in water and then with a cationic component to facilitate processability of 

the derived material. A wide range of characterisation techniques were used in this 

work to study the effect of the chemical modification on the water solubility of 

cellulose, structural morphologies, birefringence and the rheological behavior, with a 

view to produce products suitable for fiber formation and to provide guidelines for 

characterization of cellulose derivatives. In addition, molecular dynamic simulations 

are used to investigate the effect of modification on cellulose with a direct focus on 

water solubility and structural properties. As an auxiliary technique, the 
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thermodynamic integration for evaluation of the Helmholtz hydration free energy to 

quantify each modification made to the native monomeric unit of cellulose is utilized. 
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2. Experimental 

2.1. Materials 

Spruce cellulose powder was used for modification reactions [22183-1KG-F, 

Sigma Aldrich, Missouri, USA; weight-average and number-average molecular 

weights of Mw = 92 kDa and Mn = 18.5 kDa, respectively, both determined by size 

exclusion chromatography using 2 x PL gel MiniMixed A columns with a precolumn 

in DMAc/0.8% LiCl eluent (0.36 ml/min, T = 80 °C) and a Waters 2414 Refractive 

index detector]. The cellulose molar mass distribution was calculated against eight 

pullulan standards (6.1 kDa ≤ Mn ≤ 70.8 kDa) using Waters Empower 3 software[43]. 

Propylene oxide (PO) (> 99.5 w/w %), (2-hydroxypropyl)trimethylammonium chloride 

(HPTMAC) (> 90 w/w % and 2-4 w/w % of chlorohydrin impurities) used as a 70 

w/w % aqueous solution, tert-butanol (t-BuOH) (> 99.5 w/w %) used as 90 w/w % 

aqueous solution (water was added before usage), NaOH (50 w/w % solution in 

H2O), NaOD [40 w/w % solution in D2O (99 atom % D)] were all purchased from 

Sigma Aldrich (Missouri, USA). 10 v/v % sulfuric acid and 3.7 v/v % hydrochloric acid 

freshly prepared from 98 v/v % sulfuric acid and 37 v/v % hydrochloric acid, 

respectively were used for neutralizations. 

2.2. Chemical Modification 

Four different cellulose derivatives with various degrees of molar hydroxyl 

substitution by HP per anhydroglucose unit (AGU) were prepared and coded to be 

C7/0 (MSHP = 0.21), C27/0 (MSHP = 0.8), C50/0 (MSHP = 1.5) and C80/0 (MSHP = 2.4). 

These samples had a corresponding percentage degree of substitution by HP (DSHP) 

of 7%, 27 %, 50 %, and 80 %, respectively [Table 1 and Figure 2, step (i)]. They 

were synthesized according to the following procedure: 100 g of cellulose powder 

(0.617 mol of AGUs) was suspended in the mixture of 150 ml of 10 M NaOH (diluted 

from 50 w/w % NaOH), 450 ml of water, and 300 ml of 90 w/w % aqueous t-BuOH. 
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The mixture was stirred overnight at 30 °C. 216 (3.09 mol), 430 (6.14 mol) or 648 

(9.26 mol) ml of PO was then added slowly to the mixture in three portions (a single 

addition taking about 15-20 min) with 2-3 h intervals between additions during one 

working day followed by stirring overnight at 30 °C. The reaction mixture was cooled 

down to 20 °C and neutralized with 10 v/v % sulfuric acid until a pH of 7 – 8 was 

reached. The reaction mixture was then dialyzed using a 3500 MWCO membrane 

(Thermo Fisher Scientific, Massachusetts, USA) and freeze-dried. 

C27/0 and C50/0 were further used as starting materials for cationization [Figure 

2, step (ii)]. The molar ratio of HPTMAC/AGU was either 2.59 or 7.91 for 

cationization targets with MScat of 0.24 (DScat = 8 %) or 0.75 (DScat = 25 %), 

respectively. The degrees of hydroxypropylation and cationization represented as 

the percentage of substituents on the cellulose are used for sample labelling (Table 

1). For example, C50/8 was prepared from 20 g of C50/0 (0.081 mol, calculated from 

the average molecular weight of one C50/0 AGU, which is 247.86 g/mol) suspended in 

180 ml of water. 14.6 g of 50 w/w % NaOH (0.183 mol) was added to adjust the 

molarity to 0.88 M (in the reaction mixture after HPTMAC addition). The reaction 

mixture was then heated up to 45 °C and 45.2 g of 70 w/w % HPTMAC water 

solution (0.209 mol of HPTMAC) was then added slowly during 10-15 min to reach 

the HPTMAC/AGU molar ratio of 2.59. The mixture was stirred overnight at 45 °C. 

The reaction mixture was cooled down to 20 °C and neutralized with the hydrochloric 

solution to pH 7-8. The reaction mixture was dialyzed using a 3500 MWCO 

membrane and then freeze-dried to a white powder. 

C7/25 was synthesized as follows; 30 g (0.185 mol of AGU) of cellulose powder 

(Fluka 22182) was suspended in a mixture of water (70 ml), tBuOH (200 ml), and 

NaOH (7.1 g, 50 w/w % NaOH solution). The mixture was stirred overnight at 25 °C 
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before 50 ml (0.71 mol) of PO was added slowly and stirred for 4 h at 25 °C. The 

mixture was then heated to 45 °C. 177 ml (0.923 mol, 70 w/w % solution) of 

HPTMAC was added slowly and the mixture was stirred overnight. The reaction 

mixture was cooled to 20 °C and neutralized with conc. HCl to pH 7-8. The reaction 

mixture was dialysed using a membrane with 3500 cut-off and then freeze-dried to a 

white powder. Prior to their use, all modified cellulose samples were dispersed at 

required concentrations in deionized water by gentle mixing overnight. 

2.3. Determination of solid content by centrifugation measurements 

The insoluble solids content of the modified cellulose was analyzed for a 5 

w/w % solution by centrifuging each sample for 1 h at 5000 rpm. The sediment and 

solution parts were divided, and the sedimented part was washed once with 

deionized water before being centrifuged again. The sediments thus obtained were 

dried in an oven at 110 °C for 2 h before being weighed and the sediment dry mass 

content was calculated. 

2.4. 1H and 13C nuclear magnetic resonance (NMR) 

Chemically modified cellulose powders were characterized using solid-state 

13C NMR spectroscopy (see Supplementary data, Figure S1). The solid-state cross-

polarization (CP) magic angle spinning (MAS) 13C NMR measurements were 

performed with an Agilent 600 DD2 NMR spectrometer with a magnetic flux density 

of 14.1 T. The spectra were recorded at 22 C using a triple resonance probehead 

operating at double resonance mode, with MAS rate of 10 kHz. For each spectrum 

8000 scans were recorded with a 6 s delay between the scans. The contact time for 

cross polarization was 1.3 ms. Protons were decoupled during acquisition using 

SPINAL-64 proton decoupling with a field strength of 80 kHz. Pulse durations and 

Hartmann-Hahn match were calibrated using -glycine. The spectra were processed 
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using Bruker TopSpin 3.6 software. The DS was determined by comparing the 

integrals originating from HP and HPTMAC and the C1 signal of cellulose with the 

aid of signal deconvolution (Figure S1). Since the CP/MAS method emphasizes 13C 

nuclei close to protons, it is not a quantitative method, and only gives an estimate of 

the total degree of substitution for comparison purposes. The solid state CP/MAS 13C 

NMR was used as a semi-qualitative method to prove the success of syntheses. 

1H NMR spectra were recorded for a 5 w/w % sample in D2O using a 400 

mHz Avance III HD 400 spectrometer (Bruker, Massachusetts, USA) equipped with a 

double resonance broadband optimized probehead. The experiment was performed 

with 16 scans averaged per spectrum. 

2.5. Elemental analysis 

C, H, N, S and O contents were determined using a FLASH 2000 series 

analyzer (Thermo Fisher Scientific, Massachusetts, USA). A modified cellulosic 

sample was weighed in tin capsules before being placed inside a MAS 2004 auto-

sampler (Thermo Fisher Scientific, Massachusetts, USA) at a pre-set time and then 

dropped into an oxidation/reduction reactor kept at 900 – 1000 °C. The amount of 

oxygen required for optimum combustion was delivered into the reactor at a precise 

time. The reaction of oxygen with the tin capsule at elevated temperatures generates 

an exothermic reaction which raises the temperature to 1800 °C. At this temperature, 

both organic and inorganic substances are converted into elemental gases which, 

after further reduction, are separated into a chromatographic column and detected 

by a highly sensitive thermal conductivity detector. The determination of oxygen is 

performed via pyrolysis in the same analyzer. The detection limit of the method is 0.1 

w/w %. Results were calculated using certified elemental microanalysis standards 
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using K factor and the CHNS/CHNS-O Standards Kit (Elemental Microanalysis, 

Devon, UK). 

2.6. Zeta potential measurements 

The measurements were performed using a Malvern Zetasizer Nano ZS 

(Malvern Panalytical, Malvern, UK) instrument. 0.1 w/w % aqueous dispersions of 

modified cellulose prepared from the whole sample were analyzed at 25 °C in the 

presence of 1 mM KCl. Zeta potentials were calculated from the Henry equation 

using the Smoluchowski approximation [44]. All data were averaged over ten 

consecutive runs. 

2.7. Transmission electron microscopy (TEM) 

Imaging was performed using an Technai Spirit 2 microscope (FEI, Oregon, 

USA) operating at 80 kV and fitted with an Orius SC1000B camera (Gatan, 

California, USA). Copper/palladium TEM grids (Agar Scientific, UK), coated in-house 

with a thin film of amorphous carbon and subsequently subjected to a glow 

discharge for 20 s, were used as sample holders. Individual 10 µL droplets of 0.1 

w/w % aqueous dispersions (without removal of insoluble material) of modified 

cellulose were placed on freshly treated grids for 1 minute and then blotted with filter 

paper to remove excess solution. To ensure sufficient contrast, uranyl formate (10.0 

µL of a 0.75 w/w % solution) was absorbed onto the sample-loaded grid for 30 s and 

then blotted to remove any excess of the stain compound. Each freshly loaded grid 

was then dried under vacuum conditions. Size of the particles observed in TEM 

images was analyzed using ImageJ software [45]. The average particle size for each 

image was calculated from 25 independent measurements. 

2.8. X-ray scattering measurements 
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Small-angle and wide-angle X-ray scattering patterns (SAXS/WAXS) were 

collected using a laboratory SAXS/WAXS beamline (Xeuss 2.0, Xenocs, Grenoble, 

France) equipped with a liquid gallium MetalJet X-ray source (Excillum, Kista, 

Sweden, X-ray wavelength λ = 0.134 nm), FOX3D single reflection multi-layered X-

ray mirror and two sets of motorized scatterless slits for beam collimation, a Pilatus 

1M pixel SAXS and a Pilatus 100k pixel WAXS detectors (Dectris, Barden-Daetwil, 

Switzerland). SAXS patterns were recorded over a range of 0.03 nm-1 < q < 1.3 nm-1, 

where q = (4πsinθ)/λ is the scattering vector length and θ is one-half of the scattering 

angle. SAXS/WAXS patterns of modified cellulose aqueous dispersions (without 

removal of insoluble material) diluted to 1 w/w % concentrations were recorded using 

glass capillaries of 2 mm diameter (WJM-Glas, Berlin, Germany) as a sample holder. 

X-ray scattering data reduction (calibration and integration) was performed using the 

Foxtrot software package supplied with the instrument and further data analysis 

(background subtraction and data modelling) was carried out using Irena SAS macro 

[46] for Igor Pro software package. 

2.9. Rotational rheology and shear-induced polarized light imaging (SIPLI) 

The measurements were performed using a stress-controlled MCR301 

rheometer (Anton Paar, Graz, Austria) with SIPLI attachment [47]. The rheometer 

was equipped with a Peltier temperature controller composed of bottom-plate and 

top-hood heaters, and plate-plate geometry (comprising of polished stainless-steel 

disk of 25 mm diameter and a fused quartz bottom plate). The SIPLI attachment, 

based on reflective polariscope principles, uses components of the parallel-plate 

geometry where the bottom (static) transparent plate and the top (rotating) reflective 

disk are parts of the optical setup allowing time-resolved reflected polarized light 

images (PLI) of measured samples to be recorded during shear. Descending shear 
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rate ( ) sweeps were performed from 500 s-1 to 0.1 s-1 at a constant temperature of 

20 °C, with a sample thickness (gap between the parallel plates) of 1 mm. All 

samples were measured at a concentration of 10 w/w % in water (without removal of 

insoluble material). During shear sweeps, imaging of the modified cellulose samples 

under crossed polarizers was performed to identify birefringent samples. The second 

set of experiments was performed at a constant angular speed of rotation, , of the 

shearing disk. In these experiments, the SIPLI technique was used to capture PLIs 

every second for 1000 s to observe the onset of orientation of the modified cellulose 

material under flow conditions. Since the shear rate experienced by each part of a 

sample in a parallel-plate geometry is proportional to its radial position ( /r d  , 

where r is the radius of a corresponding sample position and d is the geometry gap), 

and assuming that the flow is laminar, SIPLI measurements at a constant  enables 

birefringent properties of the sample to be tested within a range of share rates from 0 

s-1 (at the sample center) to max
/R d   (at the sample edge where R is the sample 

radius) simultaneously in a single experiment. 

2.10. Molecular dynamics (MD) simulations 

Theoretical tools such as MD simulations are useful for studying properties of 

cellulosic materials [48–53]. This technique provides information at spatial and 

temporal resolutions that would otherwise be inaccessible to experiment and, thus, 

can complement the experimental work. This technique is based on numerically 

solving Newton‟s equations of motions to describe the forces between atoms. In 

addition to extensive experimental studies, MD simulation is a suitable method for 

studying the properties of functionalized nanocellulose [48]. In the current work all 

MD simulations were performed using the molecular dynamics software LAMMPS 
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[54] with a velocity-Verlet integrator and an integration time step of 2 fs. MD 

simulations were conducted in the isothermal-isobaric (NPT) ensemble under 

constant temperature and pressure using Nose-Hoover thermostat and barostat with 

relaxation times of 0.2 ps and 2.0 ps, respectively. The Lennard-Jones interactions 

were switched to zero between 0.8 nm and 1.2 nm. The real space electrostatic 

interactions were cut off at 1.2 nm, while the long-range electrostatic interactions 

were evaluated using the particle-particle particle-mesh (P3M) method. Bonds and 

angles in water, as well as bonds involving hydrogen and any other atom, were kept 

rigid using the SHAKE algorithm with the relative tolerance of 10-4. To describe the 

interactions between atoms the CHARMM all-atom additive force field (c36) [55,56] 

was used for carbohydrate part and the CHARMM General Force Field (CGenFF) 

[57] was used for substituents. Water was represented using the TIP3P model. 

Simulations were performed using oligomers containing 10 repeat units in the 

backbone. Four different samples were selected for simulations: unmodified 

cellulose, C7/25, C27/8 and C50/0 (Table 1). The simulations began with preliminary 

constructed clusters consisting of 25 oligomer chains, solvated by water in a 0.125 

nm3 cubic box. The systems were equilibrated at room temperature before a 

mechanical force dipole of either 70 or 350 pN was applied to the ends of the 

oligomer chains, a method which has been established in our previous work [58]. For 

the calculation of hydrogen bonds, geometrical criteria based on the classical work of 

Luzar and Chandler: distance (D-A) ≤ 0.35 nm and angle (D-H-A) ≤ 30° were utilized 

[59]. The MD results were mainly analyzed using VMD software [60]. 

2.11. Thermodynamic integration (TI) technique  

The change in Helmholtz free energy of hydration ΔF, the energy to transfer 

the unmodified glucose, glucose with the functional groups – HP and HPTMAC – 
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from their vapor phases to water, was calculated using TI technique as implemented 

in Materials Studio (BIOVIA) [61] (COMPASS force field, NVT ensemble, P = 1 

atm, T = 298 K). In this method, the solute/water interaction is gradually increased 

from zero to full interaction in 21 steps, i.e., glucose or its modifications are gradually 

“grown” into water. For each coupling strength, Λ ranging from zero to unity, a 

simulation is performed and the derivative of the ΔF is calculated, and the free 

energy is obtained as the integral    ∫ ⟨  ( )  ⟩         , where H is the parameterized 

Hamiltonian. The hydration free energy was further calculated as a sum of three 

terms – “ideal”, van der Waals and electrostatic contributions, as described 

elsewhere [62]. At each Λ value, 10 ns MD run was performed to equilibrate the 

systems composed of one solute molecule and 1000 water molecules. For the 

HPTMAC modified glucose, a Cl anion was added to keep the electroneutrality. For 

each molecule, three independent calculations of ΔF were performed. 

 

3. Results & Discussion 

Modification of native cellulose with the functional groups (HP and HPTMAC) 

were performed to different extents to give a series of modified cellulosic samples 

(Table 1 and Figure 2). For example, to produce the C27/8 sample, 27 % of the 

pendent cellulose hydroxyls (targeting, on average, less than one of three units per 

AGU) were functionalized with HP and 8 % with HPTMAC, to give an overall degree 

of modification of 35 %. These two functional groups were chosen due to their 

proven capability in increasing the aqueous solubility of cellulosic material [38,63,64]. 

Hydroxypropyl groups provide steric hindrance to cellulose crystallisation, which can 

improve the water solubility of cellulose by interrupting the intra- and intermolecular 

hydrogen bonding throughout the sample [65–67]. The subsequent modification 
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group, (2-hydroxypropyl)trimethylammonium chloride, similarly introduces steric 

hindrance to the system but also establishes a large charge hindrance to cellulose 

crystallisation by introducing electrostatic repulsion between the cellulose chains. For 

example, this cationic substituent has been used to significantly improve the water 

solubility of high molecular mass glucan (Mw = 189 kDa) in water at MScat > 0.16 

[35]. It is expected that both these processes cause cellulose chains to, 

preferentially, form hydrogen bonds with solvent molecules [38,63]. 

An analysis of the modified products by 1H and 13C NMR confirms the 

presence of either HP or HP and HPTMAC functional groups in the corresponding 

modified products and show a close correlation of the polymer composition 

measured from the NMR spectra to the targeted degree of modification (Figures S1 

and S2). The molar (or degree of) substitutions of the hydroxypropylated samples 

determined with CP/MAS 13C NMR were 0.2 (or 7 %) (C7/0), 0.77 (or 26 %) (C27/0), 

1.41 (or 47 %) (C50/0) and 2.35 (or 78 %) (C80/0), which are in a good agreement with 

the expected MSHP (or DSHP) values (Figure S1). 

NMR and elemental analysis of the HPTMAC-modified samples showed small 

variations of measured MScat from the targeted values (Figure S2 and Table S1). In 

particular, this was observed for samples targeted with the same HPTMAC DS 

where equivalent amounts of the cationization reagent had been used. For example, 

the measured 1H NMR DScat of C27/8 sample was 13 %, but for C50/8, the DScat value 

was 8.5 % yielding an average of 10.8 %. Elemental analysis results were in 

agreement with 1H NMR, with DScat values of 13 % and 8 % for C27/8 and C50/8 

respectively, with an average of 10.5 %. The cellulosic samples targeted with 25 % 

HPTMAC were also shown to have variations in the resulting DScat values. 1H NMR 

analysis shows DScat values of 16.9 %, 34.5 % and 22.9 % for the samples C7/25, 
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C27/25 and C50/25, respectively, which gives an average DScat of 25 %. The DScat 

values from elemental analysis give a similar average of 24 %, with respective 

values of 24.7 %, 28.0 % and 18.7 %. For clarity of labelling, however, only the 

targeted DS values, expressed as percentages, are used for the sample codes 

(Table S2). The comparable results between the two methods show the successful 

incorporation of HPTMAC, which can be quantified by either 1H NMR or elemental 

analysis producing consistent results. 

Table 1. Overview of modified cellulose samples with their corresponding degrees of 
HP and HPTMAC substitution (DSHP and DScat). For example, a sample with 50 % 
HP and 8% HPTMAC modification is labelled as C50/8 and is located in the third 
column and second row of the table. N.P. stands for not possible, and N.S. stands 
for not synthesized. 

 

 

 

 

 

 

 

 

 

 

Figure 2. A route used for the cellulose modification: (i) hydroxypropylation with 
propylene oxide (PO) [R = CH2CH(OH)CH3, H] and (ii) following cationization with 
(2,3-epoxypropyl)trimethylammonium chloride (EPTMAC) [R = CH2CH(OH)CH3, H or 
CH2CH(OH)CH2N(CH3)3Cl]. 

 

Centrifugation measurements show a general decrease in solid content as the 

degree of pendent hydroxyl substitution increases (Figure 3). This is related to a 

 
DSHP / % 

7 27 50 80 

D
S

c
a

t 
/ 

%
 0 Insoluble C27/0 C50/0 C80/0 

8 Insoluble C27/8 C50/8 N.S. 

25 C7/25 C27/25 C50/25 N.P. 
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higher degree of water solubility of the modified cellulose. However, the observed 

solubility behavior was not solely due to the total increased modification of the 

cellulose chains. There is a pronounced trend associated with the degree of 

substitution indicating a strong effect of the hydroxypropyl units on the disruption of 

intra- and intermolecular hydrogen bonds within the cellulose system, resulting in the 

higher proportion of solvent-cellulose hydrogen bonds. The HPTMAC may also 

contribute to the cellulose aqueous solubility: modification of the C27/0 with 8 % of 

HPTMAC (C27/8) reduces the solid content from 53 % to 29 % (Figure 3). However, a 

further increase of the HPTMAC proportion (C27/25) does not seem to have an effect 

on the overall water solubility of the cellulose chains (Table S2). C27/8 and C27/25 

show similar amounts of solids (29 % and 36 %, respectively), despite a three-fold 

increase of HPTMAC substitutes. But in the case of a cellulose sample with a higher 

content of HP which was further modified by HPTMAC, C50/8 and C50/25 samples, the 

solubility in water is much higher as the amount of non-soluble materials is only a 

few percent (Figure 3 and Table S2). This indicates that the effect of hydroxypropyl 

group on the modified cellulose solubility in water seems to be more pronounced. 

This behavior could be due to the bulky HPTMAC groups targeting available 

hydroxyl sites either on the molecules initially solubilized by the HP groups or the 

surface of large aggregates, which is not as effective in solubilizing cellulose 

molecules. This conclusion is also supported by the fact that the HPTMAC modified 

cellulose with the largest disagreement between targeted and measured DScat 

values (the first three compositions in Table S1) contains the highest solids content 

(Table S2). 
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Figure 3. The proportion of water insoluble, solid material in 5 w/w % dispersions of 
modified cellulosic samples, plotted against the total degree of substitution (DSTOTAL) 
[black and red symbols correspond to HP, and HP and HPTMAC modified cellulose, 
respectively, DSTOTAL is calculated using the actual DSHP and DScat (measured by 1H 
NMR) values]; showing a rapid decrease in the solid content with an increasing 
proportion of HP group present. All measured points are labelled with the 
corresponding sample name. The dashed curve is plotted for guidance. The error 
bars represent standard error of the mean. 

 

The modification of cellulose by ionic HPTMAC was further verified by zeta 

potential () measurements performed at 0.1 w/w % in the presence of 1mM KCl 

(Figure 4). The results confirm the presence of the positive electrokinetic potential for 

all cellulose samples modified by HPTMAC cationic group. Samples modified only 

with the hydroxypropyl group displayed no cationic charge, regardless of the degree 

of substitution. A clear trend can be seen in the  values; as the degree of HPTMAC 

present increases, the  value increases (Figure 4 and Table S2). Both series of 

samples with HP of 27 % and 50 % show a steady increase of the potential upon the 

increase of HPTMAC substituent content. Thus, in addition to the NMR results 

demonstrating a reasonably good correlation between the targeted cellulose 

modification and the sample composition, -potential data further confirms the 

successful incorporation of the HPTMAC cationic group on to the cellulose. 
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Figure 4. Zeta potential of modified cellulose samples plotted versus HPTMAC 
degree of substitution (DScat, measured by 1H NMR). The data points were 
measured at 25 °C for 0.10 w/w % dispersions in the presence of 1 mM KCl. Error 
bars signify a 95% confidence interval. Data points for the samples with HP 
substitution of 7 % (square), 27 % (circle), 50 % (triangle) and 80 % (diamond) are 
shown. The dashed curve is plotted for guidance. 

 

Two complementary techniques, TEM and SAXS, were used to assess 

structural morphology of the modified celluloses. While direct imaging by TEM 

provides detailed local information on shape and size of particles and aggregates, 

SAXS is a more statistically robust technique averaging information over a larger 

sample volume and evaluating structural organization of matter in situ. 

All TEM images showed the presence of cellulose nanoparticles (CNPs) of a 

needle-like shape (Figure 5) indicating a similar morphological composition of the 

modified cellulose samples. The CNP mean length was around 100 nm with a 

relatively broad length distribution (Table S2) and is of a typical size range observed 

for nano-particulates derived from cellulose by various techniques such as acid 

[68,69] or enzymatic hydrolysis [70], treatment with eutectic solvents [71,72] and 

micromilling [73]. The TEM images demonstrate a good correlation with the solid 
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content measurements (Figure 3 and Table S2). In particular, TEM images of 

cellulose samples with the degree of substitution by HP equal to or more than 50 % 

(Figures 5d and 5f-5h), which were characterized by a very low solid content (Figure 

3), show the presence of individual needles with no signs of aggregation. In contrast, 

the samples with HP content of 27 % or less (Figures 5a-5c and 5e), with a 

significant amount of insoluble solids (Figure 3), show the presence of aggregates 

composed of needle-like objects. Thus, increasing the degree of modification, 

especially by HP substitution, does indicate an increased aqueous solubility of the 

CNPs which can be seen in the absence of large aggregates in the TEMs of samples 

with HP content of 50 % and above. However, an increase of HPTMAC in the 

modified cellulose composition also improves the material‟s aqueous solubility which 

can be clearly followed using the samples with DSHP of 27 % (compare Figures 5a, 

5c and 5e). In this respect, it has to be concluded that the modification replacing the 

native hydroxyls impacts the formation of intermolecular hydrogen bonds and makes 

solvent-cellulose hydrogen bonding more favorable. 
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Figure 5. Representative TEM images of dried 0.10 w/w % aqueous dispersions of 
the modified celluloses: (a) C27/0, (b) C7/25, (c) C27/8, (d) C50/0, (e) C27/25, (f) C50/8, (g) 
C50/25 and (h) C80/0. The scale bar in each image corresponds to 500 nm.  

 

X-ray scattering has proven useful in the characterization of modified 

cellulosic materials in situ by providing structural information averaged over 

thousands of particles [74], and in this respect, it is preferable to imaging techniques 

such as TEM. For example, Cameron et al. studied the modification of native 

cellulose with sodium hydroxide using SAXS [75], and Leppӓnen et al. utilized 

WAXS to find a relationship between the width of the cellulose crystals and the 

degree of extraction [76]. It is commonly accepted that polymer solutions or gels can 

be represented as two-component systems where the small-scale component 

represents single polymer chains, and the large-scale component represents 

possible aggregated multiple clusters formed by those chains. Thus, an equation for 

the intensity scattered by these systems is usually composed of two terms 

expressed via Lorentzian associated with Ornstein-Zernike formalism (molecules) 
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and squared Lorentzian associated with Debye-Bueche formalism (clusters) [77–79]. 

However, other expressions for the terms could be used such as Debye function, 

which is analytically correct for Gaussian polymer chains [80], and a power-law 

function based on variations of Porod‟s law [81], respectively. This common 

approach has also been adopted for aqueous solutions of cellulose derivatives using 

the following generalized scattering equation [82]: 

2 1 2

2 2 2 2 2

gc 3 4

( )
( ) ( )

(1 ) 1 exp( )

K K P q
I q

q R K q K


 
   

    
      (1) 

where  is the excess scattering length density of the polymer (cellulose derivative) 

in the solvent (water), and K1, Rgc, K2, K3 and K4 are fitting parameters associated 

either with the volume fraction of clusters or averaged local polymer volume fraction 

fluctuations caused by inhomogeneity of polymer aggregates, averaged size of the 

clusters or correlation length of the fluctuations, the averaged single polymer chain 

volume and polymer concentration, the strength of repulsive interactions between 

the polymer chains and the correlation length of the repulsions, respectively. P(q) is 

the polymer chain form factor which, for the sake of simplicity, could be expressed as 

[83]: 
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U     , where Rgm is the averaged radius 

of gyration of molecules in solution, is the excluded volume parameter and 
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The terms of eq 1 are independent of each other and represent two 

populations of structural objects where the larger objects (characterized by Rgc) and 

the smaller objects (characterized by Rgm) produce asymptotic scattering signals at 

high q-values, described by power functions with exponents of -4 and close to -2, 

respectively. In case of polysaccharide systems studied for their response to 

different environments [82,84], the first term of eq 1 was assigned to assemblies of 

polymer chains which may attract each other and/or form entanglements. The 

second term of eq 1 was assigned to the macromolecules distributed over the whole 

system homogeneously where the structure factor of Gaussian form describes the 

possible repulsive interactions among the polymer chains and an existence of 

correlation distance between the chains. This approach enabled transformation in 

the systems to be followed by SAXS, from a state of associated molecules to a 

completely dissolved state through various intermediate stages. In this respect, eq 1 

could also be used for analyzing cellulose modified by HP and HPTMAC groups 

which could lead to either partial or complete dissolution. 

If molecules dissolved in a solution are not strongly interacting and/or their 

concentration is low (K3 = 0), eq 1 is simplified to [82,85]: 

2 1
22 2 2

gc

( ) ( ) ( )
(1 )

K
I q K P q

q R


 
   

  
       (3) 

Alternatively, for systems containing dissolved molecules with strong interactions of 

a repulsive nature the first term of eq 1 should be neglected, reducing the scattering 

equation to the second term only. 

The scattering equation based on two populations of scattering objects (eq 3) 

produced reasonably good fits to experimental SAXS patterns of the modified 
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cellulose 1 w/w % aqueous solutions (Figure 6). The SAXS analysis (Table 2), in 

combination with TEM observations, shows that upon an increase of the 

hydroxypropyl group content in the modified cellulose the large object (aggregate) 

size reduces from tens of microns, detected by TEM for insoluble aggregates of C7/0, 

to about 30 nm for C50/0 and to virtually zero, a complete solubilization of the objects 

undetectable by SAXS, for C80/0. In addition, a trend of decreasing size can be 

identified for the large objects upon increase of the HPTMAC group content. For 

example, SAXS results suggest that large insoluble aggregates of C7/0 reduce to 

micron size for C7/25 and the same increase of the HPTMAC group content from 0% 

for C50/0 to 25% for C50/25 makes the large objects fully solubilized, and undetectable 

by SAXS (Table 2). TEM images indicate a presence of needle shaped CNPs 

(Figure 5). The radius of gyration of a rigid rod is expressed as 
22

2 r
g

12 2

RL
R   , where L 

and Rr correspond to its length and cross-section radius, respectively [86], which 

reduces for needle-shaped objects with a large aspect ratio ( r
L R ) to 

2
2

g
12

L
R  . A 

comparison of the radius of gyration for the large objects measured by SAXS (Rgc) 

and the CNP length obtained by TEM (L), performed using this relationship, shows a 

reasonably good correlation (Table 2). This result suggests that the large objects 

detected by SAXS for most of modified cellulose materials are CNPs. It might be 

expected that the CNPs were composed of crystalline cellulose [2]. However, WAXS 

patterns of the modified cellulose samples, simultaneously recorded with SAXS data, 

are represented by a broad peak at q ~ 16 nm-1 (Figure S3) which is commonly 

observed for amorphous cellulose [87]. There were no well-defined diffraction peaks 

which could be associated with crystalline cellulose. Thus, WAXS results indicate 

that the modified cellulose is mainly in an amorphous state and, possibly, the 
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scattering measurements are not sensitive to the small fraction of crystalline material 

in the needle-shaped cellulose nanoparticles. The combined analysis of solid content 

(Figure 3), TEM (Figure 5) and SAXS (Figure 6 and Table 2) results shows that 

cellulose aggregates, virtually insoluble in water at small level of substitution by HP 

(DSHP = 7 %), disintegrate into CNPs at intermediate levels of cellulose modification 

by HP and HPTMAC, followed by a complete solubilization at extreme, high DS 

value, conditions (Figure 3 and Table 2, C80/0). 

A reduction of the large object population fraction, correlated with the solid 

content (Figure 3), was accompanied by a relative increase of the small object 

population fraction related in the scattering equation to dissolved molecules (eq 3). 

Since molecules cannot be detected by TEM, characterization of the modified 

cellulose by SAXS is more preferable in this case. SAXS analysis shows that the 

second population is represented by molecules with the radius of gyration (Rgm) in a 

range of 20 nm (Table 2). There is a gradual increase of Rgm with increasing DSHP. 

Possibly, small cellulose molecules are more prone to the modification, resulting in a 

smaller Rgm for celluloses with a lower degree of modification. At DSHP  50%, when 

most of the molecules are modified, including high molecular weight cellulose, the 

averaged Rgm appears larger. SAXS results further indicate that for DSHP  27% the 

excluded volume parameter, , is less than 0.5 (Table 2). This suggests that for 

celluloses with a low degree of substitution, water remains a relatively poor solvent. 

As such, and according to solid content results (Figure 3) and TEM (Figure 5), the 

modified celluloses still form large aggregates. As the degree of substitution 

increases,  also increases to the point where water becomes a good solvent ( > 

0.5) for the modified cellulose samples leading to a larger proportion of free CNPs 

(Figure 5) and molecules in solution. In particular, no aggregates or large objects are 
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detected by SAXS for C50/25 and C80/0 where  reaches 0.59 and 0.55, respectively 

(Table 2). It would be interesting to compare the measured Rgm values with values 

calculated for the studied molecules using equation based on general principles of 

polymer physics [83]: 

2(1 ) 2
2 mol
gm

(2 1)(2 2)

b L
R

 

 




 

         (4) 

where Lmol is the total contour length of the polymer chain and b is the Kuhn length. 

Considering that molecular weight and length of the AGU is 162 Da and 0.52 nm 

[88], respectively, and the polymer molecular weight after the modification remains 

approximately the same (78 kDa was detected by GPC for C50/0), Lmol = 78 kDa/162 

Da  0.52 nm  250 nm. Thus, assuming theta-solvent conditions ( = 0.5) and that b 

of the modified cellulose molecules is 15 nm, based on commonly accepted values 

for cellulose and its derivatives being in a range of 10 – 20 nm [89–92], the Rgm of a 

single molecule, calculated from eq 4, is about 25 nm. Considering the number of 

assumptions made, the estimated Rgm value is in a good agreement with the Rgm 

values measured by SAXS (Table 2). This comparison suggests that increasing the 

degree of cellulose modification enables aggregates and/or CNPs to be dissolved 

into their constitutive molecules. 
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Figure 6. Double logarithmic plot of representative SAXS patterns of 1.0 w/w % 
modified cellulose aqueous dispersions (symbols). The grey lines show the fitted 
model, using an established two-population model for cellulose (eq 3). The SAXS 
patterns are offset for clarity. 

 

Table 2. Summary of structural parameters obtained by fitting scattering equation 

(eq 3) to SAXS patterns of the modified cellulose samples (Figure 6), with Rgc and 

Rgm corresponding to the radius of gyration of large cellulose objects (aggregates) 

and small objects (molecules), respectively, and  is the excluded volume parameter. 

L is the length of CNPs measured from TEM images (Figure 5). 

 
DSHP / % Structural 

Parameters 7 27 50 80 

D
S

c
a

t 
/ 

%
 

0 Insoluble 

0.44 0.52 0.55 𝜈 
40.9 30.6 - Rgc / nm 
14.9 23.5 25.6 Rgm / nm 

138 ± 33 122 ± 28 - L / nm 

8 Insoluble 

0.48 0.51 
Not 

Synthesized 

𝜈 
21.2 31.8 Rgc / nm 
15.4 19.0 Rgm / nm 

100 ± 29 118 ± 40 L / nm 

25 

0.47 0.49 0.59 
Not 

Possible 

𝜈 
1029.4 21.0 - Rgc / nm 
13.4 13.9 21.6 Rgm / nm 

109 ± 31 101 ± 35 91 ± 34 L / nm 

 

Based on the results of structural characterization techniques, it can be 

concluded that increasing the degree of substitution gradually changes the 
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cellulose‟s water solubility leading to the formation of different morphologies upon 

dispersion and solubilization in water. At low DSHP (7 %) the modified cellulose 

appears mainly as large aggregates (Figure 7a). An increase of the HP component, 

also accompanied by HPTMAC substitution, to a moderate level (DSHP = 27 %) 

leads to a partial destruction of the aggregates into CNPs and single modified 

cellulose molecules (Figure 7b) followed by a full disintegration of the aggregates at 

higher DSHP (50 %) (Figure 7c) which is completed by a molecularly dissolved 

material at the higher end of the total substitution (Figure 7d). 

 

Figure 7. Schematic representing the fragmentation of aggregates with increasing 
modification: (a) presence of large aggregates with a few loose particles at low 
degrees of modification; (b) intermediate degrees of substitution with smaller 
aggregates present, a greater population of free CNPs and a small proportion of 
single molecules; (c) CNPs and molecules with no aggregates present at higher 
degrees of modification and (d) only molecules are present at the highest degrees of 
modification. 

 

A number of optical and rheological techniques are effective for a 

characterization of cellulosic products. Despite the high volume of work published on 

measuring and understanding the cellulose birefringence (over 1000 papers in 2019 

alone), most of these are performed on final products such as thin films or fibers 

after some type of material processing [93–95]. However, birefringence-based 

techniques could be appropriate for studying cellulosic materials, especially soluble 

in water, during processing. In this respect, SIPLI [96] could be suitable to monitor 

(without destruction) reversible and irreversible changes in cellulosic samples under 
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shear flow. Rheo-optical measurements were carried out using rotational (shear) 

rheology combined with in situ polarized light imaging (SIPLI setup) in order to 

investigate the rheological and birefringent properties of the eight modified samples. 

Initially, experiments were performed to determine the shear-rate dependent 

viscosity of the samples, and to investigate whether the samples were birefringent. It 

was found that three of the modified celluloses with the highest DSTOTAL (C50/8, C50/25 

and C80/0) displayed low apparent viscosity (term “apparent” is used to emphasize 

that parallel-plate rotational geometry was applied for the measurements; however, 

this will be omitted in the following text) (Figure 8). This is due to a high proportion of 

substituted hydroxyl groups leading to good solubility of these cellulose derivatives in 

water (Figure 7d) as indicated by TEM, SAXS and solid content measurements 

(Table S2). This is also supported by the fact that the sample with the lowest 

DSTOTAL in this group (C50/8) is the most viscous. Shear thinning behavior observed 

for these samples at high shear rates is likely to be associated with the elastic 

properties of the dissolved molecules. The remaining five modified cellulose samples 

(C27/0, C27/8, C7/25, C50/0 and C27/0) displayed shear-thinning behavior with low-shear-

rate viscosity up to two orders of magnitude higher than for the samples with a 

higher degree of solubilization. This rheological result indicates strong elastic 

properties of cellulosic material with partially substituted hydroxyl groups. The shear 

thinning observed over a wide range of shear rates suggests that the material is 

composed of objects with both short and long relaxation times which could be 

indicative of a polymer and particle network formation. However, considering a mixed 

morphology of the samples (Figures 7a-7c) and a combination of factors which could 

affect sample viscosity (such as anisotropic CNPs, electrostatic repulsions among 

the cationic side chains, and inter-cellulose and cellulose-water hydrogen bonding 
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connectivity), it would be difficult if not impossible to perform a detailed interpretation 

of the observed results. Nevertheless, the rheological measurements show that there 

is a striking change of viscoelastic properties of the modified cellulose: upon 

reaching high level of hydroxyl group substitution by HP or HP and HPTMAC the 

material turns into a low-viscous fluid (Figure 8) due to the complete solubilization of 

the constituent cellulose chains (Figure 7d). 

 

 

Figure 8. Apparent viscosity versus shear rate profiles for all samples between 500 
– 0.1 s1 at a constant temperature of 20 °C. All samples were measured at a 
concentration of 10 w/w %. Since parallel-plate rotational geometry was applied for 
the measurements, an “apparent viscosity” term is used. The shear rate values 
correspond to the disk edge. 

The second part of rheo-optical results represented by PLI observations of the 

sheared samples has demonstrated that samples of modified cellulose 

corresponding to intermediate degree of substitution could be birefringent. Indeed, 

PLIs of C50/0, C27/25 and C50/8, recorded at a constant angular speed using SIPLI, 

exhibit a Maltese cross pattern (Figure 9) characteristic of a birefringent material 

aligned along the flow direction [47,96]. Birefringent properties are commonly 

described by an optical indicatrix (ellipsoid of electro-magnetic wave normal) 
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representing the refractive index values for all directions of light (electric field vector) 

vibrations propagating through a material [97]. The optical indicatrix of a viscoelastic 

liquid is usually represented by a sphere, all directions are equivalent in the space, 

and as a result the material is isotropic and no birefringence is observed. However, 

the impact of flow could cause deformation and/or orientation of objects in the liquid, 

transforming the spherical optical indicatrix into an ellipsoidal one by introducing an 

uniaxial anisotropy associated with birefringence [47,98]. When the ellipsoid principal 

axis forms a zero angle with the polarizer or analyzer axis, an extinction pattern 

similar to Maltese cross appears in PLIs. 

C50/0 demonstrated a very pronounced Maltese cross through the entire 

sample (sheared in a parallel-plate geometry) indicating that the material becomes 

birefringent virtually over the whole range of shear rates used. Since the material can 

be aligned at relatively low shear rates, this suggests that large objects with long 

relaxation times are involved in the formation of an oriented morphology producing 

birefringence. This sample is mainly composed of non-aggregated CNPs and 

dissolved cellulosic molecules (Figure 5, Table 2 and Figure 7c). The material has 

not been fully solubilized at a molecular level but the degree of substitution does not 

allow large aggregates to be formed in water solution either. At the same time the 

material shows shear thinning behavior over the entire range of share rates used for 

the SIPLI experiment (Figure 8), also indicating a presence of viscoelastic objects 

with a long relaxation time. It is expected that the CNPs and cellulosic molecules 

coexist in the water solution and interact with each other via hydrogen bonds to form 

a polymeric/particle network which orients under a shear along the flow directions 

resulting in the material birefringence. The half-life of the Maltese cross intensity 

decay after cessation of shear calculated using the previously established protocol 
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[99] indicated that the network formed has a relaxation time of approximately 9 s. 

These aligned structures could act as a precursor for the formation of a fibrous 

cellulose under a flow processing from a water solution. 

In contrast, the cellulosic materials corresponding to both low and high 

degrees of substitution (DSTOTAL < 52% and DSTOTAL > 58%, respectively) 

demonstrated no signs of birefringence (Figure 9) suggesting that no structure with a 

preferable orientation is formed under shear. Considering morphologies formed by 

these cellulosic materials (Figures 7a and 7b, and Figure 7d, respectively), the 

causes of this non-birefringent behavior should be different. The highly modified 

cellulose forms an aqueous solution of molecules (Figure 7d) of a relatively low 

molecular weight (Mw = 78 kDa) with fast relaxation times (less than 0.01 s) which 

cannot be aligned at the accessible shear rates in the instrument. Furthermore, they 

do not form inter-molecular bonds to create larger objects (molecular networks) 

which could be oriented under the flow processing, as indicated by a low viscosity 

(Figure 8).  For these reasons, the samples not only remain unaligned by the shear 

rates used (   100 s-1) but also do not form large orientable objects (molecular 

networks), hence no birefringence-related effects (absence of Maltese cross) are 

observed (Figure 9). The celluloses with lower levels of substitution comprise of a 

mixture of morphologies spread over a wide range of scales (Figures 7a and 7b). 

Although these materials demonstrate a high viscosity similar to the highly 

birefringent C50/0 (Figure 8), this is mainly caused by a presence of partially solvated 

(swollen) large aggregates (Figure 5 and Table 2), which also could be the cause of 

the slight turbidity in these samples in comparison with the transparent samples of 

highly modified cellulose (Figure 9). Perhaps, the different morphologies present at 

this level of DSTOTAL cannot create stable interactions that would drag the aggregates 
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of a uniform shape into the formation of a stable network aligning under the flow 

processing. As a result, the material appears non-birefringent in the SIPLI 

measurements (Figure 9). 

With the exception of C50/0, the modified cellulosic samples were found to 

display very weak or no birefringence under shear conditions (Figure 9). At low 

DSTOTAL (C7/25, C27/0 and C27/8), the samples remain heterogeneous due to the 

presence of large aggregates and show no structural orientation under shear 

conditions. However, upon the increase of HPTMAC substitution (C27/25) the 

aggregates are significantly destroyed (Figure 5e) and the sample becomes more 

homogeneous with an ability to form a polymeric network evident by an appearance 

of structural orientation (Maltese cross) under flow conditions (Figure 9, C27/25). 

When the modification exceeds a significant amount, the water solubility of the 

cellulosic material is high, due to preferential hydrogen bonding with solvent 

molecules over cellulose chains. These impacts lead to liquid-like behavior under 

small shear rates (Figure 8, samples C50/8, C50/25 and C80/0), with little (C50/8) to no 

alignment (C50/25 and C80/0) observed during SIPLI measurements (Figure 9). 

There is a clear relationship between the sample orientation under shear flow, 

highlighted by birefringent properties, and the cellulose modification targeted during 

synthesis. A medium amount of substituted AGU hydroxyl groups (between 50 – 

58%) leads to the formation of a flow-induced birefringence detectable by the 

presence of a Maltese cross (Figure 9). It is thought to be due to a „sweet spot‟ in 

modification of hydroxypropyl functional groups, where the derived morphology 

(Figure 7c) leads to good solubility in water, yet intermolecular hydrogen bonding 

between cellulosic objects/molecular chains is still favorable, forming a macroscopic 

oriented structure under shear. This is promising behavior for fiber formation, the 
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recent review of lower critical solution temperature behaviour of modified celluloses 

by Coughlin et al. indicates that phase separation is driven by nano-fibril formation in 

soluble cellulosic materials [100]; the mechanism proposed involves polymer chains 

becoming aligned on the length scale of a few AGUs to form nuclei and then those 

nuclei growing into aligned fibrils, and such a mechanism would clearly be 

accelerated by elongational flow. In order to verify this hypothesis, samples 

representing different morphologies detected by SAXS and other techniques (Figure 

7) have been tested for fiber formation using a dry spinning device comprised of a 

dosing syringe pump and a spinning cylinder [101,102]. This fiber spinning 

technology was developed at Spinnova (Jyväskylä, Finland). An aqueous dispersion 

is dosed using a syringe pump with a desired feed flow through a nozzle onto the 

surface of a rotating cylindrical drum (Figure S4). The linear velocity of the drum 

surface (v1), the nozzle jet speed (v2) and the nozzle inner diameter can be adjusted 

depending on the dispersion dry solid content to achieve a desired fiber linear 

density. A material ability to tolerate differences between the nozzle jet speed and 

the drum surface speed (stretching ratio, v2/v1) determines its suitability for a 

successful spinning. The modified cellulosic materials herein required a relatively 

high drysolid content of 10 w/w % to enable successful fiber spinning. The fiber 

spinning was performed at ambient conditions (room temperature and relative 

humidity of 30-40%). 

It was found that both moderately modified cellulose sample (C7/25) 

corresponding to large or partially disintegrated aggregates (Figures 7a and 7b) and 

a molecularly dissolved material (Figure 7d) with a high degree of substitution (C80/0) 

produced no fibers under spinning from an aqueous solution. In contrast, the 

cellulosic sample with an intermediate level of hydroxyl substitution (C50/0) 
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representing a morphology with fully disintegrated aggregates (Figure 7c) and 

demonstrating strong flow-induced birefringence (orientation) (Figure 9), was 

capable to form fibers. Using optimized processing conditions set at v1 = 5.77 m/s 

(the syringe feed flow of 12 ml/min through the nozzle inner diameter of 210 µm) and 

v2 = 7 m/s, a C50/0 10 w/w % aqueous dispersion produced superfine fibers with a 

linear density of 2.86 tex, a tenacity of 6.19 cN/tex and an elongation of 4.88%. 

These preliminary data demonstrate a good correlation between the material 

processing requirements, such as spinnability and fiber formation, suitable for 

industrial applications and the results obtained by lab-based techniques. The 

approach presented, based on flow-induced birefringence/orientation of modified 

cellulose in solutions, could be an efficient tool for the development of processable 

cellulosic materials, but a full-scale study of this subject is beyond the scope of this 

work. 

 

Figure 9. Shear-induced polarized light imaging (SIPLI) of 10 w/w % dispersions of 

all eight modified cellulose samples at 20 °C (parallel-plate geometry, disk diameter 

25 mm, geometry gap 1 mm, angular speed 40 rad s-1 corresponding to a maximum 

shear rate of 100 s-1 at the sample edge. Selected PLIs represent the birefringent 

behavior of the samples at different degree of substitution. The white arrows on the 

PLI for C27/0 indicate the direction of the polarizer (P) and analyzer (A) respectively 

for all images. A Maltese cross pattern indicates sample birefringence (shear-

induced alignment), whereas the absence of such a pattern indicates no 

birefringence (no alignment). 
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In order to gain further insights into the structural organization of modified 

celluloses at a molecular level, MD simulations have been performed for native 

cellulose and three other samples (C7/25, C27/8 and C50/0). These samples were 

selected along the composition matrix diagonal covering the wide range of HP and 

HPTMAC modifications (Table 1) to optimize time-consuming MD simulations 

(Figure 10). The use of MD simulations was to further understand the macroscopic 

observations seen in structural and rheo-optical measurements. The first simulation 

examined the degree of modification effects on the aqueous solubility. During the 

elapsed simulation time of 120 ns, the native cellulose oligomers remained in close 

contact with each other and did not show any sign of dissolution. This prediction was 

supported by the presence of a single broad peak in the intermolecular pair 

correlation function (PCF) between the residues of oligomer chains (Figure 10d, 

black trace). C50/0 was found to be partially soluble, with some degree of close-

contact interactions still present after the simulation (Figure 10d, red trace), which 

was consistent with the morphology detected by structural techniques (Figure 7c). In 

contrast, it was found that C27/8 was primarily soluble, with sharply reduced 

correlations and C7/25 fully dissolved in water without any close-contact interactions. 

This behavior is due to the increasing presence of the cationic modification group, 

HPTMAC, which leads to preferential hydrogen bonding between cellulose chains 

and water due to charge repulsion. On the microscopic level, this means that the 

chains are increasingly more soluble with the presence of this modification group. 

However, this is not observed on the macroscopic level due to the bulky HPTMAC 

groups which preferentially target the hydroxyls present on the surface of large 

cellulose aggregates (Figures 7a and 7b). 
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To quantify the increase in water solubility, the free energies of hydration ΔF 

for native glucose, HP, and HPTMAC modifications were calculated (Table 3). The 

HP modification leads to an increase in the aqueous solubility of cellulose chains. At 

the same time, longer HP side chains contribute to a sparser packing of the 

backbones as compared to the native cellulose. This increase in aqueous solubility 

has been seen experimentally (Figures 3 and 5). The modification of the repeat unit 

with a charged trimethylammonium group increases the aqueous solubility more than 

twice, as follows from the data. Moreover, the longer chain, and the presence of a 

charged group in HPTMAC should prevent the fiber formation. This has been seen 

experimentally for samples with high DSTOTAL with no orientation observed by the 

rheo-SIPLI technique (Figure 9) and no fiber formation during spinning. 

 

 

Table 3. Overview of results for all the simulated samples including native glucose 
and targeted modifications with HP and HPTMAC. 

 
Native 

glucose 
HP 

glucose 
HPTMAC 
glucose 

ΔF / kcal 
mol -1 -14.34 -14.93 -30.05 

Std error / 
kcal mol -1 

1.13 1.21 1.20 

 

To elucidate the impact of external forces on water solubility, the 

intermolecular pair correlation functions (PCF) between the residues of the four 

systems were calculated (Figures 10d and 10e). The presence of a single, broad 

peak for unmodified cellulose oligomers supports the conclusion drawn from WAXS 

measurements about the amorphous nature of the sample (Figure S3). The 
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application of force on C50/0 resulted in increased correlation intensities. In this 

regard, it is worth noting that the appearance of oscillating peaks in the PCF 

indicates the formation of fibrillary nanoclusters. Given a sufficiently long time for the 

relaxation of stretched C50/0 oligomers, the formation of a unified fiber is expected 

and supported by experimental results on spinning this cellulosic material. However, 

for the current time of 120 ns, there are certain differences in the correlation 

intensities and the shape of the PCFs for the two forces investigated. This implies 

that there may be some threshold force value, above which the oligomers become 

aligned along the force direction and can participate in the fiber formation. However, 

if the force applied is large enough, such as 350 pN, the complete straightening of 

the chains leads to the alignment of all backbone glucose residues in the same 

plane. As a consequence, the fiber formation undergoes a different reorganization 

and nucleation path. Compared to C50/0, C27/8 has sharply reduced correlations, and 

C7/25 displays almost no correlations between the residues due to the nearly 

homogenous distribution of the chains. This can be explained in an increase in 

electrostatic repulsion between positively charged quaternary ammonium groups, 

eventually preventing the close-contact interactions between the chains; this is the 

case for C7/25. The MD simulation results for the later sample are somewhat 

contradictory to the experimental data which suggests that C7/25 contains a 

significant amount of aggregates (Figures 3, 5b, 6 and 7b). This apparent 

inconsistency is likely related to the fact that the modification of cellulose is 

inhomogeneous at small amount of HP causing restricted access for the HPTMAC 

modifier and resulting in a relatively high solid content after the modification (Figure 

3).  
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Figure 10. Snapshots illustrating the residue representation (water molecules are 
omitted for clarity) at 298 K of (a) C50/0, (b) C27/8 and (c) C7/25. Two-dimensional 
intermolecular pair correlation functions (PCF) between the residues of native 
cellulose and modified cellulose oligomers at a time of 120 ns with (d) no force and 
(e) 350 pN of applied force. The results obtained for native cellulose, C50/0, C27/8 and 
C7/25 are represented by black, red, blue and green traces, respectively. 
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4. Conclusions 

A range of cellulose derivatives with different water solubility were formed by 

substituting the hydroxyl groups in the AGU of cellulose with varying amounts of 

hydroxypropyl groups, followed by further modification with a cationic component [(2-

hydroxypropyl)trimethylammonium chloride]. A combination of techniques such as 1H 

and 13C NMR spectroscopy, zeta potential measurements and elemental analysis 

were used to characterize the material composition and the substitution by both 

hydroxypropyl and (2-hydroxypropyl)trimethylammonium chloride was confirmed. 

The structural characterization techniques demonstrated that the increase of 

the degree of substitution gradually changes the solubility of cellulose in water 

leading to the formation of different coexisting morphologies. TEM and SAXS show 

that at low DSHP (7 %) the modified cellulose is represented mainly by large 

aggregates. Upon increase of the HP component, and incorporation of HPTMAC 

substitution, to a moderate level of DSHP (27 %), a partial destruction of the 

aggregates into CNPs and single modified cellulose molecules is observed. A full 

disintegration of the aggregates was detected at higher DSHP (50 %) which was 

followed by a molecularly dissolved material at the higher end of the total substitution 

(DSTOTAL > 75 %). 

Rheo-optical measurements performed on the modified cellulose dispersions 

in water together with fiber-spinning results enabled a composition corresponding to 

DSHP of 50 % to be identified as the most suitable for the fiber formation. In this 

respect, the SIPLI technique appeared to be an efficient tool for testing flow 

processability of the modified cellulose. It is expected that at DSHP ~ 50 %, the CNPs 

and cellulosic molecules, coexisting in the water solution, interact with each other via 
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hydrogen bonds forming a molecule-particle network which orients under a shear 

along the flow directions. Thus, this aligned structure can potentially act as a 

precursor for the formation of fibrous cellulose from a water solution under flow 

conditions. It was also observed that the incorporation of a cationic modification 

group reduces the ability of material to form the fibrous morphology. This is thought 

to be due to the repulsion present between these ionic groups on the cellulosic 

backbone. 

The obtained experimental results are underpinned by MD simulations. For 

the three representative samples considered in molecular dynamics simulations 

(C7/25, C27/8 and C50/0), only C50/0 showed evidence of the liquid-to-solid phase 

transition under stress. It was found that there is a threshold value of the simulated 

force applied, above which the cellulosic oligomers become aligned along the force 

direction and begin a co-operative process of fiber formation. These theoretical 

findings support the experimental rheo-optical results and are in a good correlation 

with the fiber formation observed during spinning the C50/0 aqueous dispersion. 
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