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Abstract  Although trimetylammonium-2-hy-
droxypropyl-hydroxyethylcellulose (QHEC) is a 
well-known polysaccharide material, some of its 
properties have not been previously studied in detail. 
Therefore, we applied a combination of multidimen-
sional nuclear magnetic resonance (NMR) in D2O on 
hydroxyethylcellulose (HEC) and HEC derivatives, 
and size-exclusion chromatography with multi-angle 

laser light scattering (SEC-MALS) in carbonate 
buffer at pH 10; while Fourier-transform infrared 
spectroscopy (FTIR), the X-ray diffraction (XRD), 
the thermogravimetry/differential/differential thermo-
gravimetry (TG/DTG/DTA) and atomic force micros-
copy (AFM) in film form. SEC-MALS revealed vari-
ous water-solubility of prepared derivatives: HEC 
(98%) > CHEC (72%) > QHEC (26%) > QCHEC 
(14%). Due to its substituents, the HEC macromole-
cule forms coil structures with varying gyration radii: 
QHEC (38–260 nm) > QCHEC (10–230 nm) > CHEC 
(21–100  nm) > HEC (23–50  nm). FTIR analysis of 
all prepared films confirmed their identical struc-
ture compared to that observed in liquid form in 
D2O. Onset temperatures (OT) of films degrada-
tion decreased in order: HEC (222  °C) > QCHEC 
(162  °C) > CHEC (142  °C) > QHEC (141  °C). The 
X-ray diffraction confirmed residual crystallinity of 
cellulose II (CII) in all four types of prepared films 
and was linked to ~ 2% water-insolubility of HEC 
derivatives revealed by SEC-MALS. Atomic force 
microscopy (AFM) showed significant differences in 
surface morphology among the four prepared films 
with surface roughness of: HEC (25  nm) > QCHEC 
(5.8  nm) > QHEC (4.2  nm) > CHEC (2.8  nm). Vari-
ous spherical particles were found in case of HEC, 
circular depressions/holes approximately 4  μm in 
diameter were observed in case of QHEC. Except 
for the HEC, all other films showed granular surface 
probably due to insoluble components. Based on the 
mechanisms of quaternization and crosslinking and 
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the results of analysis on water-soluble part and films 
we could assume that there are similarities in struc-
tures between the soluble and insoluble products of 
the reactions.
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Quaternized 2-hydroxyethylcellulose (QHEC) · 
Cross-Linked 2-hydroxyethylcellulose (CHEC) · 
Quaternized and cross-linked hydroxyethylcellulose 
(QCHEC) · Film properties

Introduction

Polysaccharide composite materials are highly impor-
tant ecologically-friendly alternative to synthetic 
polymers, due to their natural degradability after the 
end of their functionality (Solhi et al. 2023; Šimkovic 
2008, 2013). The main reason causing this behaviour 
in polysaccharide composites is their ability to inter-
act with water. Even though they are partially water-
insoluble, they contain myriads of hydroxy groups, 
which cause water diffusion into these materials 
resulting in their swelling. Thanks to this, polysaccha-
ride composites are easily exposed to various micro-
organisms allowing them to be degraded by enzy-
matic hydrolysis (Schaubeder et al. 2024; Diao et al. 
2017). This phenomenon becomes more pronounced 
for materials with higher degree of water-solubility 
and leads to their faster degradation. Fibers resulting 
from pulping of wood are also partially water insolu-
ble and negatively charged (Odabas et al. 2016). They 
might be reversed with quaternizing agent in water-
miscible solvents to increase degree of substitution 
(DS). In this case the water-solubility/insolubility 
was monitored with FTIR, which supports cationi-
zation and C–N stretching vibration. In combination 
with NMR na SEC-MALS in water we could dem-
onstrate that composition of water soluble and insolu-
ble components is chemically identical and differs 
only in supramolecular structure. Recently also qua-
ternization of cotton linters in tetraethyl ammonium 
hydroxide (TEAOH)/urea aqueous solution and NMR 
results demonstrated the substitution at C-2 and C-6 
position (Xu and Cho 2024). Similarly important are 
also cellulose etherification reactions with glycidol, 
which result in 2,3-dihydroxypropyl cellulose or to 
crosslinking, depending uppon used conditions and 
solvent combination (Kim et al. 2024).

In the past, we have extensively studied the effect 
of crosslinking and quaternization in water on various 
polysaccharides, i.e., hyaluronic acid (Šimkovic et al. 
2000), starch and polygalacturonic acid (Šimkovic 
et  al. 2002), quaternized and sulfated xylan films 
(Šimkovic et  al. 2014a), carboxymethylated- and 
hydroxypropylsulfonated xylan films (Šimkovic et al. 
2014b), quaternized heparin films (Šimkovic et  al. 
2015), cross-linked and quaternized carboxymethyl 
cellulose (CMC) films (Šimkovic et al. 2021), as well 
as in extracts from agricultural by-products (Šimkovic 
et  al. 2009a, b, 2010,  2017), and seaweed polysac-
charide (Šimkovic et  al. 2021). The polysaccharides 
containing ion-exchanging group have water-soluble 
fractions even when they are cross-linked. Some of 
the cross-linkers we have previously used, contained 
ion-exchanging group which improved the yields 
of the water-soluble fractions (Šimkovic and Jakab 
2001).

2-Hydroxyethylcellulose (HEC) is a very impor-
tant, water-soluble cellulose derivative, suitable 
for preparation of the multiple substituted polysac-
charides (Del Giudice et  al. 2017; Stoyneva et  al. 
2014). While in this study we prepared and studied 
bio-degradable HEC derivatives which can find pur-
pose in various environmentally-friendly packag-
ing technologies, HEC is widely used in many other 
applications such as a cement component to achieve 
its lower thermal conductivity (Cho et al. 2018). HEC 
films can also serve as a solid electrolyte when pre-
pared with NH4NO3 (Li et  al. 2014). Quaternized 
HEC is also important; it is used in textile indus-
try for bonding of several types of dyes with ion-
exchanging groups, and as a conditioner for hair and 
skin-care products (Busk et al. 2004). Various aspects 
of HEC films were studied in the past. Several studies 
reported their nanomechanical properties (Olson et al. 
2021; Luo et al. 2023; Chu et al. 2019). Other stud-
ies used X-ray diffraction (XRD) to confirm the pres-
ence of HEC and reveal partial crystallinity related to 
cellulose II in the produced films (Diao et  al. 2017; 
Langan et  al. 2005). Quaternization of HEC to the 
primary hydroxy groups position was previously 
achieved also under the presence of nitrogen and iso-
propanol and characterized by elemental analysis and 
Fourier-transform infrared spectroscopy (FTIR) KBr 
technique (Wang and Ye 2010).

In the present work, our goal is to prepare quater-
nized (QHEC), cross-linked (CHEC), and quaternized 
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and cross-linked HEC (QCHEC) derivatives using 
one-step method and study their chemical and physi-
cal properties. Our results differed from those pub-
lished previously on HEC derivatives (Yoshida et al. 
2024), where those acted as liquid crystals with rod-
like structures [(see proposed structures of HEC, 
QHEC, CHEC, and QCHEC in Supplementary 
Information (SI)]. Samples prepared in this study 
were extensively characterized by nuclear magnetic 
resonance (NMR) and size-exclusion chromatogra-
phy with multi-angle light scattering (SEC-MALS) 
in solution. Film properties were evaluated by FTIR, 
XRD, atomic force microscopy (AFM) and thermal 
properties were studied by thermogravimetry (TG), 
derivative thermogravimetry (DTG), and differential 
thermal analysis (DTA). The prepared HEC deriva-
tives showed good properties and even the QCHEC 
with lowest solubility (14%) yielded satisfactory 
results of the soluble part. We also confirmed by 
FTIR that samples in the form of films contained no 
structures other than those observed by NMR in the 
liquid form (D2O). Our results are promising for fur-
ther development of environmentally-friendly, biode-
gradable polysaccharide composite materials that can 
help to reduce the use of wide-spread synthetic plas-
tics in some of the applications including packaging 
and protective coating, and therefore result in lower 
production of long-term stable waste, harmful for the 
environment and various organisms.

Experimental

Materials

2-Hydroxyethylcellulose (434,965-250G, Sigma-
Aldrich; Mw ~ 90,000  g/mol; C, 44.00; H, 6.68). 
According to 1H NMR integration of anomeric 
signals (see Fig.  S2), the starting HEC contained 
4.59% of 6-HEC, 20.95% of 2-HEC and 74.46% 
of unmodified cellulose. The degree of substitu-
tion (DS) was calculated with 1H NMR integra-
tion of anomeric signals as: DS = Area of reaction 
anomeric signal/areas of all anomeric signals. For 
DS2HEC = “4.57/1.00 + 4.57 + 16.24” = 0.21, while 
DS6HEC = “1.00/1.00 + 4.57 + 16.24” = 0.05. Molecu-
lar substitution (MS) was calculated as: MSHEC = Area 
of all anomeric substituents/Area of all anomeric 
signals = “1 + 4.57/16.24 + 1 + 4.57” = 0.26). 

Glycidyltrimethylammonium chloride 
(GTMAC, > 90%, 50,053-50ML, Sigma-Aldrich); 
sodium hydroxide (NaOH, SLAVUS), dialysis tub-
ing [Union Carbide; 3.5  kDa molecular weight cut-
off (MWCO)], epichlorohydrin (E, 99%, E-105–5, 
Sigma-Aldrich), and other chemicals were used with-
out further purifications.

Quaternization of HEC

The HEC substrate [1.7324  g, 1 milli mole (mM); 
calculated assuming to the 1H NMR integration 
(Fig. S8)] was mixed with 90 mL of water and NaOH 
(8 g; 0.2 mol) and stirred [1000 revolutions per min-
ute (RPM); 2 h at room temperature], before GTMAC 
(7.45  mL; 0.05  mol) was added. After tempering at 
60  °C/24 h/1000 RPM, the reaction was stopped by 
dilution with water. After that it was dialyzed (3.5 kDa 
MWCO) and lyophilized [1.8061 g of QHEC; 19.4% 
yield (actual weight of QHEC/theoretical weight of 
HEC + amount of GTMAC × 100 = 1.8061 g/1.7324 g 
+ 7.5815 g of GTMAC); C, 46.00; H, 7.29; N, 0.78]. 
DSQ = area of quaternization anomeric signal/area of 
all anomeric signals = “0.27/1.4 + 0.27 + 0.27” = 0.14; 
DSHEC = “0.27/1.4 + 0.27 + 0.27” = 0.14 and 
MSQ+HEC = “0.27 + 0.27/1.4 + 0.27 + 0.27” = 0.28.

Cross‑linking of HEC

HEC (1.7324  g; 1  mM) was mixed with 90  mL 
of water and NaOH (8 g; 0.2 mol) and stirred (2 h/
RT/1000 RPM), E (7.82  mL; 100  mM) was added 
and tempered (24  h/60  °C/1000 RPM) similarly 
to QHEC. The reaction was stopped by dilution 
with water and neutralized with HCl (from pH 
12.6 to 8.85), dialyzed and lyophilized [1.8866 g of 
CHEC; 17.3% yield (1.8866 g of CHEC/1.8866 g of 
CHEC + 9.2  g of E); C, 46.08; H, 7.08 DSC = Area 
of crosslinking anomeric signal/Area of unsubsti-
tuted cellulose anomeric signal + Area of HEC ano-
meric signal + Area of crosslinking anomeric sig-
nal = “0.04/2.52 + 1 + 0.04” = 0.01; DSHEC = Area 
of HEC anomeric signal/Area of unsubstituted 
cellulose anomeric signal + Area of HEC ano-
meric signal + Area of crosslinking anomeric sig-
nal = “1/2.52 + 1 + 0.04” = 0.28 and MSC+HEC = Area 
of crosslinking anomeric signal + Area of HEC 
anomeric signal/Area of unsubstituted anomeric 
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signal + Area of HEC anomeric signal + Area of 
crosslinking anomeric signal = “1.00 + 0.04/2.52 + 
1.00 + 0.04” = 0.29.

Quaternization and cross‑linking of HEC

HEC (1.7324  g; 1  mM) was mixed with 90  mL of 
water and NaOH (8 g; 0.2 mol), GTMAC (7.45 mL; 
50  mM) and E (7.82  mL; 100  mM) were subse-
quently added and tempered (24 h/60 °C/1000 RPM) 
similarly to QHEC. The reaction was stopped by dilu-
tion with water, attonuating the pH to 10.3, dialyzed 
and lyophilized (2.3352  g of QCHEC; 12.6% yield 
(2.3352 g of QCHEC/1.7324 g of HEC + 7.5815 g of 
GTMAC + 9.2 g of E); (C, 46.78; H, 7.38; N, 0.72). 
DSQC = Area of QC anomeric signal + Area of Q ano-
meric signal + Area of C anomeric signal/Area of 
unsubstituted anomeric signal + Area of Q anomeric 
signal + Area of C anomeric signal + Area of QC 
anomeric signal = “0.4/0.25 + 0.40 + 1.00” = 0.24; 
DSHEC = 0.25/1 + 0.25 + 0.4 and MSQC+HEC = Area 
of QC anomeric signal + Area of HEC anomeric sig-
nal + Area of Q anomeric signal + Area of C anomeric 
signal/Area of Unsubstituted anomeric signal + Area 
of HEC anomeric signal + Area of QC anomeric sig-
nal + Area of Q anomeric signal + Area of C anomeric 
signal = “0.4 + 0.24/1 + 0.25 + 0.4” = 0.39.

Films preparations

The films were prepared by mixing of 0.5 g of HEC 
and all the prepared derivatives, i.e., QHEC, CHEC, 
and QCHEC with 50  mL of deionized water (DW), 
then stirred at RT for 4 h at 1000 RPM and poured 
onto plastic petri dishes (5.5 cm in diameter). Result-
ing films were dried in the refrigerator at 5  °C until 
constant weight was achieved.

NMR analysis

All the studied samples were analyzed in D2O, using 
Trimethylsilylpropionic acid (TSP) as internal stand-
ard; spectra of all used techniques are listed in SI 
section. In heteronuclear single quantum correla-
tion spectroscopy combined with total correlation 
spectroscopy (HSQC-TOCSY) experiments, data 
mixing was 1024 × 256 (F2 × F1), and zero-filled to 
2 K × 1 K giving the final resolution of 2.9 Hy × 23.5 

Hy. 90 ms-long DIPSI-2 sequence was used for Hart-
mann-Hahn mixing. More details can be found else-
where (Šimkovic et al. 2021, 2023).

Elemental analysis

The elemental compositions were analyzed using 
FLASH 2000 Organic elemental analyzer (Thermo 
Fisher Scientific; furnace temperature: 950 °C; PTFE 
column, 6 mm o. d. /5 mm i. d. × 2 m; 65 °C; helium 
was used as carrier and reference gas with respec-
tive flows of 140 and 100 mL/min; oxygen flow was 
250  mL/min; run time was 720  s; 12  s sampling 
delay; 5 s injection end).

SEC‑MALS analysis

The molecular weight distribution (MWD), size of 
macromolecules, the radius of gyration (Rg) w as 
obtained using an absolute multi-angle laser light 
scattering (MALS) detector connected to a size-
exclusion chromatographic (SEC) system in water-
carbonate buffer at pH 10. Rest of the conditions was 
identical as described previously (Šimkovic et  al. 
2021).

FTIR analysis

Fourier-transform infrared spectra were measured 
with spectrometer iS50  (Thermo Fisher Scientific, 
USA) equipped with DTGS detector and Omnic 
9.0 software. The spectra were collected in the mid-
dle region from 4,000 to 400 cm−1 at a resolution of 
4 cm−1, the number of scans was 128. Diamond ATR 
was applied for measurement in solid/liquid state.

Thermal analysis

The experiments were run on NETCH STA 449F3 
STAF3A-0382 instrument in air environment [50 mL/
min and nitrogen balance maintenance (PG = 20 mL/
min)]. 30 mg cut-outs from the prepared films were 
analyzed. The heating rate was 10 K/min and a Al2O3 
pan was used. The onset temperatures (OT) were 
determined in parallel from DTA and DTG as a start 
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of exothermal and DTG start peaks after evaporation 
of physically-bound water.

XRD analysis

Similar to our previous work (Šimkovic et al. 2021), 
the XRD measurements were performed using Bruker 
D8 DISCOVER diffractometer equipped with X-ray 
source with rotating Cu anode with lamp operating at 
12  kW power, 40  kV voltage, and 300  mA current. 
Parallel beam geometry with parabolic Goebel mir-
ror in the primary beam was used; beam divergence 
was ~ 0.03°. To suppress the influence of surface 
roughness and other irregularities, and to avoid the 
change of size, shape, and X-ray penetration depth 
into the sample during the measurement, grazing 
incidence (GI) setup with constant angle of incidence 
α = 2° was used. Measurement was done in angular 
range 5°–40° with 0.05° step size, and 1 s integration 
time per step.

Cyclic voltammetry

Aqueous solutions of HEC, CHEC, QHEC, and 
QCHEC were prepared by dissolving the solid poly-
mers in DW (10  mg  mL−1) and drop-casted on the 
surface of screen-printed carbon electrodes (SPE) 
with carbon counter and AgCl pseudo-reference elec-
trode (DropSens, Spain). 5 µL of each solution were 
pipetted on the individual SPEs, and dried at RT in 
nitrogen atmosphere. After drying, deposition/dry-
ing steps were repeated twice to achieve thicker film 
on SPEs. Finally, prepared electrodes were connected 
via SPE connector (DropSens, Spain) to EmStat4S 
potentiostat (PalmSens, Netherlands). For measure-
ments, 100 mL of 5 mM ferricyanide in 100 mM KCl 
was pipetted on the modified electrode surface and 
cyclic voltammetry was subsequently measured. The 
results are listed in SI.

AFM analysis

AFM-resolved surface morphology scans of all pre-
pared films were recorded under ambient atmosphere 
using Ntegra Prima microscope (NT-MDT) in tap-
ping mode. All scans were recorded in resolution 
of 512 × 512 px. Used probes were commercially 

available tips with nominal radius of curvature < 8 nm 
(HQ:NSC35/Al BS, Micromasch, https://​www.​spmti​
ps.​com/​afm-​tip-​hq-​nsc35-​al-​bs). ~ 1 × 1 cm2 film cut-
outs glued onto Si substrates were used as the sam-
ples for AFM measurement. Measured scans were 
processed in Gwyddion software (Nečas et al. 2012).

Results and discussion

Chemical modification

Using identical concentration of NaOH for the qua-
ternization of HEC with GTMAC and cross-linking 
with E resulted in 19.4% and 17.3% yields, respec-
tively. Both alkylating agents reacted preferentially 
with hydroxyethyl groups than with unmodified 
cellulose due to their better space availability (see 
Fig. S1 in SI). The slightly higher yield of quaterniza-
tion could be explained by the formation of hydroxy 
groups at C–2 of GTMAC, which might be attacked 
with another molecule of E or GTMAC. The pres-
ence of HO− anions by dissociation of NaOH in 
water cause an activation of hydroxyethyl groups 
and also a destruction of the epoxy ring of GTMAC 
and E. This resulted in low yields due to degrada-
tion of the alkylating agents into inactive by-product 
[HO–CH2–CH(OH)–CH2–N+(CH3)3 (Xu and Cho 
2024) and HO–CH2–CH(OH)–CH2–OH (Cofer 
1958)] as shown in Fig. 1.

As opposed to the unmodified cellulose hydroxy 
groups, the hydroxyethyl OH groups are cross-linked 
to multiple sites due to easier spatial availability and 
residual crystallinity of the unmodified cellulose 
(Gökmen and Bayramgil 2022). The combined modi-
fication of HEC by quaternization and cross-linking 
in one step gave the lowest yield (12.6%). Slightly 
smaller yield in case of QCHEC might be caused 
by slightly bigger spatial requirements for multiple 
hydroxyethyl groups to interact with negatively acti-
vated NaOH hydroxy groups during their reaction 
with quaternary groups. In comparison to published 
data, comparable results on nitrogen content (0.78% 
for QHEC or 0.72% for QCHEC) were obtained at 
more diluted conditions, absence of isopropanol, 
and using nitrogen atmosphere (Wang and Ye 2010). 
Their obtained nitrogen content was 0.79% at 10% 
dose of GTMAC; highest nitrogen content (1.16%) 
was achieved at 20% dose of GTMAC. According to 

https://www.spmtips.com/afm-tip-hq-nsc35-al-bs
https://www.spmtips.com/afm-tip-hq-nsc35-al-bs
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Wang and Ye, the modification took place primarily 
at the C6 position. According to Zhou et  al. (2005), 
the reactivity of the hydroxy groups decreased in 
order: Cellulose–O–CH2–CH2–OH > C6 > C2 > C3, 
however these were established using less convinc-
ing one-dimensional 13C NMR analysis with mini-
mal chemical shift differences in NaOH/urea/D2O 
(6/4/90) compared to our results (Zhou et  al. 2005). 
Quaternization of wood delignified fibers confirmed 
better efficiency of quaternization in combination of 
mixable water-organic solvents (Odabas et al. 2016). 
Quaternization of cotton linters in tetraethylam-
monium hydroxide/urea aqueous solution, followed 
by acetic acid resulted in formation of cotton linters 
well-dissolved, leading to homogeneous quaterniza-
tion (Xu and Cho 2024).

If the HEC hydroxy groups of Cellu-
lose–O–CH2–CH2–OH could be alkalyzed with 

NaOH in water, when the formed nucleophyle (Cel-
lulose–O–CH2–CH2–O−) could attack the epoxy ring 
of GTMAC or E and form ether bond. In the case 
of GTMAC a  new hydroxyl is formed on C2 of the 
alkylating agent, which could undergo further alkyla-
tion by another molecule of GTMAC. The cross-
linking mechanism through the 2-hydroxypropyl(tri
methylammonium) group is analogous to (Zhou et al. 
2005). The described mechanism (Fig. 2) is identical 
to that of the cross-linking of starch with E (Kuniak 
and Marchessault 1972).

NMR analysis

Three anomeric signals were observed in 1H 
NMR spectrum (Fig. S2),  of HEC [see hypotheti-
cal structure in Fig. S1 in Supplementary informa-
tion (SI)]  when integrated at 15  °C: at 4.54  ppm 

Fig. 1   Hydrolysis of 
GTMAC and E with NaOH

Fig. 2   The cross-linking mechanism of QHEC with E through trimethyl-2-hydroxypropyl group
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(unmodified anhydro glycosidic units of HEC, 1 U), 
4.94 ppm (1 2-HEC) ppm, and 1 6-HEC at 5.18 ppm 
hydrogen–deuterium water (D2O) signal reso-
nated at 4.89  ppm. The ratios of integrated groups 
were at U/2-HEC/6-HEC = 16.24/4.57/1 (Fig.  S2 
in SI) and the U/HEC = 2.92 (DS2HEC = 0.21 and 
DS6HEC = 0.05 and MS = 0.26). The typical anomeric 
resonances originated from unsubstituted cellulose 
(1 U, 4.49/104.98 ppm) and HEC substituted 1 H/C 
unit at 4.55/104.98 ppm as detected in the heteronu-
clear single quantum coherence (HSQC) spectrum 
of HEC at 40  °C (Fig.  3). According to correlation 
spectroscopy (COSY) spectrum the signal of H-1 in 
the HEC units (4.55 ppm, H-1) is in correlation with 
H-2 HEC (3.11 ppm) as seen in 2D COSY (Fig. S3 
in SI). 2D HSQC enabled the assignment of C-2 in 
the U unit (85.36 ppm) spectrum due to linkage with 
H-2; assignment of C-3 (85.94  ppm) was based on 
combination of 2D HSQC and total correlation spec-
troscopy (TOCSY) to confirm the H-3 resonated at 

3.49 ppm (Fig. S5 in SI). According to COSY, the H-1 
of 2-HEC was at 4.50 ppm, which correlates with H-2 
of 2-HEC at 3.19 ppm. The C-2 signal was located at 
85.07 ppm in the HSQC spectrum of HEC (Fig.  3). 
The correlation between H-3 in the U unit (3.49 ppm) 
and H-4 (3.77  ppm); H-2 in HEC (3.12  ppm) and 
H-4 (3.68  ppm); H-1 in HEC (4.50  ppm) and H-3 
(3.69 ppm); H-3 (3.49 ppm) in the unsubstituted cel-
lulose (U) unit and H-4 (3.77 ppm) was done based 
on the 2D TOCSY spectrum of HEC (Fig. S4 in SI). 
The signals of C-6 in the –CH2– group in the U unit 
were at 3.99, 3.81/62.67 ppm and C-6 in HEC reso-
nated at 3.79, 3.79/72.91  ppm (Table  S1 in SI). 2D 
heteronuclear multiple bond correlation (HMBC; 
Fig.  S6 in SI) confirmed the linkage within the 
–CH2–CH2– (3.52, 72.27, resp. 3.49, 72.77  ppm) 
array of atoms. These signals were of low intensity 
in the HSQC spectrum, close to that of 6U at 3.79, 
72.91 ppm. 13C spectrum (Fig. S7 in SI) enabled the 
assignment of carbon signals in all substituted HEC 

Fig. 3   HSQC spectrum of HEC
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groups. The shifts of single- and double-substituted 
groups at C2 (R-CH–O–CH2CH2–O–CH2–CH2–OH) 
and C3 at 3.67/76.57  ppm and 3.79/72.91  ppm in 
deuterated dimethylsulphoxide (DMSO-d6) were 
also observed before (Li et  al. 2014). The multiple 
substitution on C3 in DMSO-d6 was also previously 
observed (Zhou et al. 2005).

1H-NMR spectrum of CHEC (see the hypo-
thetical structure in Fig. S1)  in D2O (Fig.  S8 in SI) 
was acquired at 15  °C; the anomeric signal shifts 
of U (4.55  ppm), HEC (4.93  ppm), and CHEC 
(4.73  ppm) were integrated at the ratio U/HEC/
CHEC = 2.52/1/0.04 (DSC = 0.01, DSHEC = 0.28 
and MSC+HEC = 0.29). The anomeric signals of U 
and HEC in the HSQC spectrum of CHEC were 
overlapped at 4.53/104.73  ppm. However, they 
can be distinguished on HSQC-TOCSY spectrum 
(Fig.  S11 in SI) at 4.56/104.46  ppm (H-1/C-1 in 
U) and 4.48/104.81  ppm (H-1/C-1 in HEC), with 
CHEC anomeric signal at 4.74/103.75  ppm. The 

mentioned anomeric signal resolved in HSQC 
spectrum of CHEC resonated at 4.71/103.72  ppm 
is related to CHEC (Fig.  4; Table  S1 in SI). New 
–CH2–CH(OH)–CH2– bridges could be recognized 
from the HSQC experiment. The two signals for 
–CH(OH)– groups at 3.67/82.10 and 3.83/78.77 ppm, 
were assigned to the 2-hydroxypropyl cross-linking 
bridges. There are many more new –CH2– groups, 
namely at 4.19/74.22, 4.11/74.32, 4.11/65.38, 
3.97/74.65, 3.64/74.57, and 3.57/74.73 ppm, indicat-
ing both the ethyl substituent and 2-hydroxypropyls 
cross-linker. The signals of HEC and unsubstituted 
unit have overlapped chemical shifts as could be seen 
from Table S1. However, there are more overlapping 
signals than those observed on HEC. For example, 
HMBC spectrum of CHEC showed, there are new 
signals related to 2-hydroxypropyl cross-linker com-
pared to HEC sample. All the related spectra for 
CHEC are listed in SI (Figs. S9–S13).

Fig. 4   HSQC spectrum of CHEC
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A new signal at 4.43  ppm was observed in the 
1H-NMR spectrum of QHEC  (Figs. S1, S14 in SI). 
This is not an anomeric signal, but originates from 
the –CH(OH)– group of quaternizing substituent. 
This signal is located next to the H-1 anomeric sig-
nal in U (4.56  ppm), H-1 in the QHEC (4.74  ppm), 
and H-1 in HEC (4.94  ppm). The ratio of signals 
U/HEC/QHEC = 1.40/0.27/0.27 (DSQ = 0.14 and 
MSQ+HEC = 0.10). The HSQC spectrum of QHEC 
(Fig. 5) showed the anomeric signals of U and QHEC 
were overlapped at 4.56/104.82 and 4.54/104.98 ppm. 
The remaining anomeric signal of HEC substituents 
was observed at 4.75/103.94  ppm. Based on COSY 
spectrum of QHEC (Fig. S15) the correlation between 
the substituent –CH(OH)– group (4.43, 67.79  ppm) 
and –CH2– groups was located at 3.67/74.52 ppm and 
3.68/63.34  ppm, respectively. Signals at 3.84/76.84, 
3.67/74.52, 3.93/74.67 and 4.01/74.67  ppm cor-
respond to the quaternized group, while the three 
methyl groups linked to the introduced ammonium 

nitrogen is at 3.25/56.95  ppm and could not take 
part in correlation due to five-bond distance. Based 
on HSQC-TOCSY analysis (Fig.  S16 in SI), we 
assume the anomeric signal of unsubstituted cellu-
lose (4.56/104.58 ppm) is the strongest one (Table S1 
in SI). The intensity of quaternized spacer signals 
in QHEC was weaker than that observed in CHEC 
substitution.

According to 1H-NMR of QCHEC  (Fig. S1) 
sample (Fig.  S19 in SI), the QCHEC, QHEC, and 
CHEC anomeric signals are overlapping at 4.75 ppm. 
The ratio of U/HEC/QCHEC + QHEC + CHEC 
= 1.99/0.50/1.00 (DSQC = 0.29, DSHEC =  0.14 and 
MSQC+HEC = 0.43). (DSQC MSQC+HE). Only two ano-
meric signals were observed in the HSQC spectrum 
of QCHEC sample (Fig.  6); the predicted structure 
is shown in Fig. S1, SI. Stronger anomeric signal at 
4.56/104.73 ppm originates from the unmodified cel-
lulose, and is overlapped with HEC, CHEC, QHEC, 
and QCHEC at 4.74/104.12  ppm. The positions of 

Fig. 5   HSQC spectrum of QHEC
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individual signals are similar to previous samples and 
are listed in SI in Table  S1. The significant (CH3)3 
signal linked to quaternary nitrogen was located at 
3.22/56.98  ppm. The three most intense signals at 
4.43/67.70, 4.03/71.68 and 3.91/73.34 ppm are related 
to –CH(OH) signals of the –CH2–CH(OH)–CH2– and 
–CH2–CH(OH)–CH2–N+(CH3)3 spacers, respectively. 
According to HSQC-TOCSY and HMBC spectra 
of QCHEC (Figs. S22 and S23 in SI) the remaining 
signals correlate with spectra of CHEC and QHEC 
samples. The three different CH2OH signals could 
be distinguished with the aid of HMBC spectrum of 
QCHEC and the chemical shifts listed in Table  S1 
in SI. It seems that the quaternary spacer is linked to 
HEC substituent and through the cross-linking agent. 
This resulted in a number of overlapping signals of 
-CH2- and -CH(OH)- groups. The NMR data of all 
four derivatives are summarized in the Table S1 in SI.

SEC‑MALS analysis

The Fig. 7 shows the conformation plots of Rg = ƒ(M) 
of HEC, QCHEC, QHEC, and QCHEC in carbonate 
buffer at pH 10. Radius of gyration represents the size 
of formed macromolecule coils; following Rg val-
ues were obtained: QHEC (38–260  nm) > QCHEC 
(10–230  nm) > CHEC (21–100  nm) > HEC 
(23–50 nm). The cross-linking of HEC (CHEC sam-
ple) led to appearance of a second peak in confor-
mation plot which corresponded to formation of a 
higher molecular weight. Quaternization caused the 
decrease of molecular weight at the peak (Mp), as 
seen for QHEC and QCHEC shifting to lower values 
with respect to that of HEC. Compared to HEC sam-
ple, the Rg values of CHEC were only measurable at 
higher molecular weights (> 6 × 106 g/mol) and were 
less scattered. The Rg values for QHEC and QCHEC 
showed signs of increasing trend for higher molecu-
lar weights, however the measured values were 

Fig. 6   HSQC spectrum of QCHEC
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distributed across much wider range. This could be 
explained by the repulsive forces among the quater-
nary groups which resulted in larger macromolecule 
coil volumes. Additionally, water solubility of the 
individual samples may also play a role; following 
solubilities were determined: HEC (98%) > CHEC 
(72%) > QHEC (26%) > QCHEC (14%). The compo-
sition of the films was as follows. The HEC film con-
tained 98% water-soluble part and 2% was assumeed 
to be insoluble residual crystalline CII. The CHEC 
film contained 72% soluble part which according to 
NMR was monofunctionally hydroxypropyl-modi-
fied HEC, then 26% was bi-functionally crosslinked 
hydroxypropyl-O-hydroxyethylcellulose, and the 
rest 2% was residual chemically unmodified crys-
talline cellulose (CII). The QHEC film consisted of 
26% of water-soluble quaternized cellulose, 72% of 
insoluble multiple-quaternized-O-hydroxyethylated 
cellulose, and the rest 2% was residual crystalline 
CII. The QCHEC consisted of 14% of water-solu-
ble quaternized and mono-functionally-substituted 

2-hydroxypropyl-O-hydroxyethyl cellulose, then 
the 84% was bi-functionally substituted, insoluble 
2-hydroxyepropyltrimetylammonium-hydroxypropyl-
O-hydroxyethyl cellulose, and the rest 2% was resid-
ual crystalline CII. All this was confirmed from the 
SEC-MALS analysis, NMR, and FTIR spectroscopy. 
The soluble and insoluble components are just differ-
eing in mono and multiple bonding through hydroxy-
propyl-O-hydroxyethyl bridges. Based on the known 
mechanisms of quaternization and crosslinking and 
the results of analysis on water-soluble part and films 
we could assume that there are similarities in struc-
tures between the soluble and insoluble products of 
the reactions. But according to MS and Mw values the 
structures of CHEC and QCHEC were not rod-like 
(Yoshida et al. 2024).

FTIR analysis of films

Due to the decreased solubility of CHEC, QHEC, 
and QCHEC samples compared to HEC, prepared 

Fig. 7   Conformation plots and Rg = ƒ(M) of HEC (red), CHEC (brown), QHEC (green), and QCHEC (blue) measured in water-
carbonate buffer at pH 10
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films were investigated by Fourier-transform infra-
red spectroscopy. The acquired spectra (Fig.  8) 
showed broad absorption peaks at 3383 cm−1 repre-
senting the stretching vibrations of hydroxy groups. 
The bands observed at 2917  cm−1 and 2875  cm−1 
are related to C-H stretching vibrations in CH2 
and CH3 groups. Although the above-mentioned 
bands are present in most of the polysaccharides, 
their breadth in HEC varies with its molar weight 
and crystallinity (Şen and Kahraman 2018). The 
1500–1200  cm−1 region revealed peaks which cor-
responded to CH2 (1417 cm−1) and C–H vibrations 
(1352  cm−1) and to C–O–H bending vibrations at 
all unsubstituted positions. Comparable results for 
C-H vibrations (1352–1353  cm−1) were recorded 
for solid HEC electrolyte prepared by solution cast-
ing on glass petri dishes. The strongest absorption 
peaks were observed at 1100–900 cm−1 region. This 
region is known to be related to HEC ether bonds 
(1160 and 926  cm−1; Masry et  al. 2024). Further 
observed were the bands representing asymmet-
ric C–O–C vibrations located at 1113  cm−1, C–O 
anti-symmetric vibrations in anhydroglucose units 
of hydroxyethyl cellulose at 1051  cm−1, and the 
absorption band of C–C stretching vibrations in 
the glucopyranose structure at 1021  cm−1 (Bajaber 
et  al. 2022). The band at 887  cm−1 corresponds to 

the β–(1 → 4)-glycosidic linkages backbone. The 
most important new C–N stretching vibration of 
QHEC (Fig.  8c) and QCHEC (Fig.  8d) is seen as 
a shoulder at 1475  cm−1 linked to the quaternary 
group was also confirmed (Şen and Kahraman 
2018). The region between 1700 and 1200 cm−1 has 
similarities for CHEC, QHEC, and QCHEC sam-
ples. This could be explained by the presence of 
2-hydroxypropyle group in both quaternary spacer 
and cross-linking bridge. The data acquired using 
the KBr technique at 1460 and 933 cm−1 gave negli-
gible response (Wang and Ye 2010).

TG/DTG/DTA analysis

Onset temperatures for HEC derivatives were 
evaluated from the TG/DTG/DTA analysis 
(Table  S3 in SI); following values were deter-
mined: HEC (222  °C) > QCHEC (162  °C) > CHEC 
(142 °C) > QHEC (141 °C). The QHEC and CHEC 
samples were found to have only 11% residue left 
at 500  °C. It indicates similar thermal stability of 
quaternary ammonium group and 2-hydroxyethyl 
bridge formed by epichlorohydrin crosslinking. Tri-
methylammonium group degrades in inert environ-
ment into trimethylamine, 3-hydroxy-2-propane, 

Fig. 8   FTIR spectra of 
prepared films: a HEC, b 
CHEC, c QHEC, and d 
QCHEC
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and water (Šimkovic et al. 1985a). The thermooxi-
dative effect of trimethylammonium-2-hydroxypro-
pyl-quaternary group is similar to that of unmodi-
fied cellulose (Šimkovic et  al. 1985b) and to that 
of HEC. Our results confirm, that the prepared film 
samples are more thermally stable compared to the 
case when they are in powder form. This behaviour 
results from their much smaller surface area in film 
from.

XRD analysis

Crystallinity of prepared HEC, CHEC, QHEC, and 
QCHEC film samples was investigated by sym-
metric XRD scanning (Fig.  9); no significant dif-
ferences were observed among the samples. Only 
a residual crystallinity in all four samples was con-
firmed by the single significant feature observed at 
2θ = 20–21° and a weak signal found at ~ 7° related 
to HEC (French 2014). Our results did not confirm 
other previously reported CII-related XRD peaks 
typical for HEC prepared under alkaline condi-
tions, i.e. those at ~ 12° and 21.8° (Taghizadeh and 
Seifi-Aghjekohal 2015, Li et  al. 2014) suggest-
ing lower degree of ordering of HEC-based films 
studied here. The absence of peaks at ~ 14.8, 16.3, 
and 22.6° which are typical for raw cellulose indi-
cates negligible concentration of cellulose I (CI) 
in prepared HEC-based films (Li et  al. 2014). We 
conclude that the used chemical modification of 
HEC under alkaline conditions did not significantly 
alter the crystallinity in produced HEC derivatives 
compared to base HEC and no new crystalline 
(e.g., cellulose-related) components were formed. 
Assuming the SEC-MALS-determined water-sol-
ubility of HEC (98%), the content of crystalline 
component was only 2%. Similar crystalline content 
can be expected for all derivatives, because only 
the hydroxy groups are modified by quaterniza-
tion with GTMAC or cross-linking with E. This is 

Fig. 9   Symmetric XRD scans of HEC, CHEC, QHEC, and 
QCHEC films (top to bottom)

Fig. 10   AFM-resolved surface morphology of a HEC, b CHEC, c QHEC, and d QCHEC films
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because the native cellulose hydroxy groups cannot 
be attacked by the alkylating agents and every new 
hydroxyl group formed on cross-linker or alkylat-
ing agent can further react with the epoxy ring on E 
or GTMAC (Šimkovic et al. 2020). The above data 
could be further supported by additional references, 
which excluded the presence of CII (French 2020a, 
b; Yao et al. 2020).

AFM analysis

Selected representative line profiles were taken 
along dashed lines.

AFM was used to study the surface morphol-
ogy of all four HEC-based film samples; signifi-
cant differences were found (Fig.  10). The HEC 
substrate showed very smooth surface with fre-
quent occurrence (~ 3.7 × 107  cm−2) of spherical 
particles of various sizes. The determined root-
mean-square (RMS) surface roughness was 25  nm 
when the particles were included, or 1.6  nm when 
they were excluded. Two main size ranges of par-
ticles were observed, i.e. (i) the most frequent: 
diameter (d) ~ 240  nm, height (h) ~ 120  nm and 
(ii) less frequent: d ~ 700–1100  nm, h ~ 70  nm 
and ~ 220–400  nm. CHEC and QCHEC films 
showed granular surface with RMS surface rough-
ness of 2.8 nm and 5.8 nm, respectively. Surface of 
QHEC film was also somewhat granular, however, 
it contained circular depressions/holes d ~ 4  μm. 
The bottom of the depressions was smooth and free 
of the granular structure present elsewhere on the 
QHEC film. RMS surface roughness of QHEC film 
was 4.2 nm.

We believe the observed spherical particles 
likely consisted of unmodified cellulose, insoluble 
part and/or supramolecular aggregates resulting 
from intermolecular hydrophobic association as 
described elsewhere (Bai et al. 2018).

To compare the grain sizes in CHEC, QHEC, 
and QCHEC films, a first order approximation using 
height autocorrelation was used. 1D autocorrelation 
function (1D-ACF) was calculated for all three films 
in Gwyddion software and Gaussian fit was used to 
find the average grain size (Nečas et al. 2012). Fol-
lowing 1D-ACF-determined grain sizes were found: 
QCHEC (~ 34  nm) < CHEC (~ 55  nm) < QHEC 
(~ 59  nm). While CHEC and QHEC grain sizes 

were comparable and within the accuracy of the 
used evaluation method, QCHEC showed signifi-
cantly smaller grain size. This smaller grain size 
may be reflecting the increased cross-linking den-
sity in the QCHEC sample, related to the presence 
of additional hydroxy groups at 2-hydroxypro-
pylammonium position of the quaternary group.

Conclusions

In conclusion, we prepared HEC derivatives under 
alkali conditions by quaternization with GTMAC, 
cross-linking with E, and by a combination of 
both. Quaternized and cross-linked derivative was 
prepared by one-step method. Structural, physi-
cal, and chemical properties of produced liquid 
and film samples were comprehensively studied by 
NMR, SEC-MALS, FTIR, TG/DTG/DTA, XRD, 
and AFM. To evaluate the potential improve-
ment of prepared HEC-based derivatives, we used 
combination of analytical methods and bring new 
valuable insights into the structure and proper-
ties of prepared HEC derivatives. In particular, 
by using the combination of NMR method in D2O 
solution of HEC derivatives and FTIR measure-
ment on HEC and HEC-based films, we can con-
clude that the solution and film compositions were 
identical. Following water-solubility was found by 
SEC-MALS: HEC (98%) > CHEC (72%) > QHEC 
(26%) > QCHEC (14%). According to obtained 
Rg values, it was found, that the components of 
films were forming coil structures within the range 
below and up to 100 nm (HEC and CHEC) or in the 
range ~ 10–300 nm (QHEC and QCHEC). We con-
cluded, that their formation was likely caused by 
the repulsive quaternary ammonium groups. Differ-
ent broad band signals for –OH and –CH2– groups 
were confirmed by FTIR in HEC derivatives, which 
we ascribed to the difference in their supramolecu-
lar structures. These differences were expressed 
by the bands at 3383 cm−1 for -OH and 2875 cm−1 
for –CH2– groups of HEC. TG/DTG/DTA analysis 
showed various OTs for prepared HEC-based deriv-
atives: HEC (222  °C) > QCHEC (162  °C) > CHEC 
(142 °C) > QHEC (141 °C. XRD showed low degree 
of ordering of HEC-based derivatives without 
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notable differences among all four studied films; 
only residual crystallinity related to CII was con-
firmed. Presence of CI was excluded. Therefore, we 
conclude the used chemical modifications of HEC 
under alkaline conditions did not cause any signifi-
cant crystallinity change in produced derivatives 
and no new crystalline components were formed. 
AFM showed significant differences in surface mor-
phology among the studied HEC-based films. While 
HEC film showed smooth surface with large and fre-
quent spherical particles, CHEC, QHEC, and QHEC 
films exhibited granular surface. Moreover, QHEC 
film contained circular depressions/holes with 
diameter ~ 4  μm. Following RMS surface rough-
ness values were found: CHEC (2.8  nm) < QHEC 
(4.2  nm) < QCHEC (5.8  nm) < HEC (25  nm). 
1D-AFC analysis estimated following grain sizes: 
QCHEC (~ 34  nm) < CHEC (~ 55  nm) < QHEC 
(~ 59 nm). Significantly larger grain size in QCHEC 
might be reflecting better opportunities for cross-
linking through the 2-hydroxypropyl(trimethyla
mmonium) group. Prepared HEC-based compos-
ite films represent bio-degradable polysaccharide 
materials, potentially important for a large number 
of applications including, environmentally-friendly 
packaging and protective coating which can help to 
lower the use of synthetic plastics in some of the 
medical and food application and reduce the amount 
of long-term stable waste, harmful to various eco-
systems. Also, some of the prepared derivatives 
can find their purpose in various industries such as, 
in construction technology or textile production, 
where they can help to reduce the use of some of 
the typically-used harmful chemicals.
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