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In situ monitoring of cellulose etherification in
solution: probing the impact of solvent
composition on the synthesis of 3-allyloxy-2-
hydroxypropyl-cellulose in aqueous hydroxide
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Etherification of cellulose using allyl glycidyl ether was carried out in aqueous alkaline solutions of
benzyltrimethylammonium hydroxide, tetramethylammonium hydroxide, NaOH and different mixtures of
these bases in order to study the effect of hydroxide base composition on the course of the reaction and
the resulting product properties. In situ FTIR spectroscopy and time sweep shear measurements were
carried out to monitor the reactions in real time. Infrared Attenuated Total Reflectance Spectroscopy and
'H NMR confirmed the synthesis of 3-allyloxy-2-hydroxypropyl-cellulose and 2D HSQC NMR confirmed
substitution on C2, C3 and C6 in all of the solvents. Quantitative *C NMR was used to estimate the molar
substitution. Cellulose solutions in these quaternary ammonium hydroxides showed higher stability at
50 °C during the course of reaction, faster dissolution and hydrolysis of allyl glycidyl ether and lower
molar substitution values compared to NaOH. Even though the highest molar substitution value was
obtained in NaOH, the isolated product from this medium had lower solubility in DMSO-dg and its *C
NMR did not differ significantly except for higher intensity of C1 and C6 compared to the other spectra.
The obtained results indicated a more pronounced cascade reaction on the substitution itself in NaOH
and lower temperature stability of cellulose solutions in this solvent.

Introduction

Cellulose is the most abundant polysaccharide occurring in
nature existing not only as the main structural component in
the higher plant cell wall but also in a number of organisms
such as bacteria, tunicates and algae. This carbohydrate is
composed of p-glucose monomers which are linearly con-
nected via f (1-4) glycosidic linkages. Over the past decades,
an ever-increasing attention has been drawn to cellulose due
to its abundance, low cost, and biodegradability. Besides, the
urge to shift from petroleum-based resources towards more
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sustainable and renewable raw materials has resulted in exten-
sive efforts within cellulose research. In this regard, numerous
investigations have been carried out on the development of
new bio-based materials"* through chemical functionalization
or/and re-shaping after dissolution.

Yet, one major challenge when using cellulose is that it can
neither melt nor dissolve in the most conventional solvents.
Thus, to modify cellulose properties and defeat its poor solubi-
lity, chemical functionalization has become active research
area over the past decades. To functionalize cellulose, the
primary determining factor is the accessibility of hydroxyl
groups, which is governed by cellulose morphology and supra-
molecular structure, as well as the type of processing medium
and reagent.

Over the years, continuous research has focused on devel-
oping new cellulose derivatives with a broad spectrum of pro-
perties and enhanced processability.* In this respect, cell-
ulose ethers are of high commercial importance® being widely
utilized as solution thickeners, lubricants, water binders,
rheology modifiers and water retention agents® in food packa-
ging,® batteries,” construction,® pharmaceutics,’ paper,*®
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textiles,"* oil field chemicals,'* adhesives'® and personal care
products'* due to their interaction with water, chemical stabi-
lity, sustainability and non-toxicity.

Generally, cellulose ethers are synthesized either hetero-
geneously or homogeneously. Heterogeneous reaction conditions
require commonly a two-step process: (1) mercerization to activate
the hydroxyl groups and reduce crystallinity (2) nucleophilic
attack of the reactive hydroxyl groups on an etherifying reagent
such as alkyl halides or epoxides."® Yet, these reactions suffer
from poor substitution control (in terms of amount and distri-
bution of the introduced substituent) due to low accessibility of
cellulose hydroxyl groups. In contrast, cellulose hydroxyl groups
in homogeneous reaction conditions are equally available
affording improved control of substitution distribution and thus
products properties,'® which justifies further efforts on under-
standing and improving homogeneous processes.

Over years, a number of homogeneous dissolving systems
for modification of cellulose have been reported namely SO,/
diethylamine/dimethyl sulfoxide,"” LiCl/1,3-dimethyl-2-imida-
zolidinone,'® (DMSO)/NMMNO,'® NaOH/Urea (aq),*® DMSO/
TBAF,"® ionic liquids®! and LiCl/DMAc.?> However, instability,
volatility and toxicity are some disadvantages of these systems.
In this context, expanding the spectrum of available water-
based solvents has become relevant and efforts have been
made to introduce such systems.

Potential of quaternary ammonium hydroxides (QAHs) as
another class of promising water based solvents for cellulose
has been known for a long time patented first by Leon
Lilienfeld.”® Since then, a number of different QAHs(aq) have
been reported to dissolve cellulose®* ™% and cellulose behavior
in these solvents has been investigated. Yet, there is a lack of
comprehensive study on modification of cellulose in these
aqueous systems that could highlight the parameters govern-
ing the reaction. Recently in our group, cellulose dissolution
and the existing stabilizing interactions in aqueous solutions
of tetramethylammonium hydroxide (TMAH) and benzyltri-
methylammonium hydroxide (Triton B) (Scheme 1) as well as
their combination with NaOH have been studied.>*° The
results show that the addition of TMAH and Triton B to NaOH
enhances cellulose solubility and in case of TMAH delays the
gelation time, allowing for tuning the solution properties by
varying the base composition of the solvent. In this study low
concentration of the selected bases has been used to dissolve
cellulose and later modify it. Since at this low concentration
majority of the solution is composed of water toxicity is lower
compared to using concentrated solvents. However, consider-
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Scheme 1 (a) Triton B, (b) TMAH.
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ing the complexity of cellulose etherification it is highly uncer-
tain how this tuning of solution composition and properties
might affect the course and outcome of the reaction. In the
current study, we set out to investigate the impact of the base
composition on the course of etherification in solution by fol-
lowing a model reaction of microcrystalline cellulose (MCC)
with allyl glycidyl ether (AGE). Given the poor stability of
aqueous cellulose solutions over time, a great effort has been
put on in situ monitoring of the reactions by FTIR and rheol-
ogy measurements revealing both its challenges and assets. In
addition, complementing characterization of the products was
performed by ART-FTIR, 'H NMR, quantitative *C NMR and
2D HSQC-NMR.

Materials and methods

Chemicals

MCC (Avicel PH-101) with a degree of polymerization of 180 as
measured by GPC-MALLS (personal communication with Majid
Ghasemi at Sodra skogsigarnas ekonomiska forening) was pur-
chased from FMC BioPolymer. It was purified and partially
depolymerized by acid hydrolysis of specialty wood pulp. NaOH,
Triton B 40 wt% in H,0, TMAH, 25 wt% in H,0, AGE, EtOH
95 wt% and DMSO-ds (99.9%) were purchased from Sigma-
Aldrich. All the chemicals were used as purchased without
further purification and deionized water was used for dilution.

Synthesis of the 3-allyloxy-2-hydprhypropyl cellulose (AHP-
cellulose)

In a typical run, specific amount of deionized water was added
to 0.069 mol of the solvents (NaOH, TMAH, Triton B and the
mixtures) to yield solutions with total water content of 30 ml.
Then the solutions were put in the freezer to cool down to
—25 °C for 20 minutes and later 1.017 ¢ MCC was added to the
prepared solutions in the ice bath under stirring until a trans-
parent solution with no precipitates was obtained. The solu-
tions were frozen at —25 °C and thawed afterward to make sure
the resulting solutions were homogeneous. Consequently, the
solution was poured into a round-bottom three-neck flask and
put in an oil bath at 50 °C. A reflux was set up to avoid evapor-
ation and the probable change in concentration. The ReactIR
probe was immersed in the solution and then AGE was added
(the molar ratio of AGE to each MCC hydroxyl group was main-
tained at 3:1). In order to suppress changes which usually
interfere with an FTIR analysis in these systems including
water evaporation, atmospheric CO, and O-mediated cellulose
degradation and to be able to follow the characteristic peaks,
the reactions were performed under N, atmosphere using a
reflux for 2 h. After the reaction was complete, EtOH 95% was
added to the solution to allow the product to diffuse out of the
solution. The solutions were transferred to dialysis tubes with
a cut off 6-8 kDa and dialyzed against deionized water for a
week until the supernatant became neutral and then freeze
dried. The final products were characterized using ATR-FTIR,
'H NMR, quantitative "*C NMR and 2D HSQC-NMR.

This journal is © The Royal Society of Chemistry 2022
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Characterization methods

In situ IR spectroscopy. A Mettler Toledo ReactIR 15
DiComp probe comprising of a silver halide 6 mm x 1.5 m
fiber with an integrated attenuated total reference (ATR) gold
sealed diamond tip was used for continuous real-time reaction
monitoring via in situ spectroscopy. The instrument is able to
measure spectra in an optical range of 650 cm™'-3000 cm™"
excluding diamond region as blind spot (1950-2250 cm™").
The equipment was connected to a PC with installed iCIR™
7.1 software displaying the collected results continuously and
enabling further spectra handling and analysis of the data
stored on the hard drive of the system.

The equipment was configured to collect spectra at the
resolution of eight wavenumber by averaging 159 scans in
1 minute interval for 2 h duration. The air background was col-
lected prior to each run. The DiComp probe was immersed
into the reaction mixture and any further movement of the
probe was avoided as it could affect the trends.

To investigate the gathered spectra, the diagnostic peaks
were selected both manually and via component suggestion
function of the software. To collect reference spectra the probe
was immersed in the desired solution and one spectrum was
collected right away without any delay.

In situ rheology measurement. The rheological properties of
reagents and their combinations were evaluated via time
sweep shear measurements on an Anton Paar MCR 702 Twin
Drive rotational rheometer (Graz, Austria) (Fig. 1, ESIt). The
tests were performed in a single motor-transducer configur-
ation using a double gap cylinder measuring system (DG27),
with the measuring bob diameter of 27 mm. To prevent evap-
oration or sample drying, a solvent trap filled with water was
included in the measuring setup. The temperature of the
measurement cell was maintained via a water-cooled Peltier
system. All experiments were performed for 60 min at 50 °C, in
order to best reproduce the conditions during stirring reaction
on a hot plate. A constant shear rate, y = 1500 1 s™*, was used
for all measurements. Our purpose was to try and induce as
much mixing as possible to be comparable to the in situ IR

OH OI
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spectroscopy study. While the selected shear rate is consider-
ably below the instrument/measuring geometry limit, signifi-
cant vibrations were induced by the solvent trap part attached
to the moving cylinder at higher shear rates.

Before testing, each sample was pre-mixed using a magnetic
stirrer for 1 min. Thereafter, the samples were directly
transferred to the already heated (50 °C) double gap measuring
cell. The measurements were started immediately, without a
relaxation time. Each composition was measured at least two

times, and the average and standard deviations were
computed.
a)
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Fig. 1 (a) Overview of cellulose etherification for 2 h in Triton B, and (b)
its corresponding 3D plot as followed by in situ FTIR spectroscopy.
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Scheme 2 Etherification of cellulose using AGE.
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Attenuated total reflectance Fourier transform infrared (ATR-FTIR)

Infrared spectra were recorded on a PerkinElmer Frontier
equipped with an Attenuated Total Reflectance (ATR). A back-
ground of air was collected prior to the measurements, and
the samples were placed on top of the ATR crystal and secured
using a metal clamp to ensure consistent pressure. The device
was set to collect the spectra in a transmittance mode with a
resolution of 4 cm™" and 20 scans.

NMR characterization

All NMR spectra were recorded at 25 °C on a Bruker AVANCE
III HD 18.8 T NMR spectrometer equipped with a 5 mm TXO
Cryoprobe (cold "H and"*C channels) operating at a frequency
of 800 MHz for 'H and 201 MHz for **C.

1.25

Pure AGE
AGE/Triton B(aq)

0.754

0.5

Absorbance (A.U.)

I I I I I
2500 2000 1500 1000

Wavenumber (cm™')

Fig. 2 Pure AGE and AGE/Triton B(aq) reference spectra.

View Article Online

Polymer Chemistry

The 'H spectra were recorded at a 30° pulse angle, a 1.5 s
interscan delay, 32 scans, and 1.36 s acquisition time.

The HSQC spectra were recorded with a standard Bruker
pulse sequence, hsqcedetgpsisp 2.3, with a 0.128 s 'H acqui-
sition time, a 5.3 ms '’C acquisition time, a 3 s interscan
delay, and a 'Jc_y coupling constant of 145 Hz. Eight scans
were conducted, and each spectrum was recorded for 3 h.

Quantitative **C NMR spectra were recorded using a single pulse
experiment with 'H decoupling during the acquisition and a 20°
radiofrequency pulse, a repetition delay 6 s and 12600 signal
accumulations. We have run in addition the same experiment using
a repetition delay of 12 s for comparison, and the largest variation
when comparing the integrals of these two experiments was 7%.
The error in the integrals when comparing with the same region of
noise were below 1%. Hence, we chose the largest error, 7%, to be
added to the molar substitution values shown in Table 2.

Determination of the molar substitution (MS)

The molar substitution (MS, reflecting average number of
moles of the substituent introduced per each anhydroglucose
unit) of AHP-cellulose was estimated according to quantitative
BC NMR based on the integral as follows (numbering of
carbons is according to Scheme 2):

_Cu

MS =
C

Results and discussion

Investigation of the course of reaction via in situ FTIR
spectroscopy

Fig. 1 shows the FTIR in situ monitoring traces of the reaction
in Triton B and its corresponding 3D plot. The spectra shown
in different colours are collected at a 1-minute interval each
within 2 h.

100— ———— Triton B/NaOH(aq)
———— Triton B(aq)
——— Triton B/TMAH(aq)
e TMAH/NaOH(aq)
= 75 ——— TMAH(aq)
= NaOH(aq)
(]
e
X
©
© 50
°©
(]
N
£
5 25—
z
9= T T T T
15 30 45 60
Time (min)

Fig. 3 Peak at 1253 cm™ in Triton B(aqg), TMAH(aq), NaOH(aq) as well as their mixtures.
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The requisite to follow the course of a reaction (Scheme 2)
is to identify a set of absorption bands specific for the reagents
or products. Here, the addition of AGE to cellulose solutions
results in a number of peaks that can be assigned as follows:
=C-H at 924 cm™*}, C-O at 1028 cm™*, C=C at 1675 cm™ " and
C-H scissoring at 1465 cm™'. Furthermore, the oxirane ring
shows three characteristic vibrations around 1253 cm™,
810-950 cm™! and 750-840 cm™'. Yet, not all the detectable
absorption bands can be used as indicative of the reaction pro-

gression, mainly due to multiple overlapping with the peaks

Q
—

o
9
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Reaction Spectra (A.U.)
o o
T 2
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from side-products, solvents, or cellulose. For example, C=C
characteristic band which can be an indicative of the reagent
dissolution overlaps with water peak at 1640 cm™' cannot
provide us with trustworthy information.

As expected for an etherification reaction, the region
between 900-1100 c¢cm™ comprises the most prominent
absorption changes originating from the action of the etherifi-
cation reagent. Moreover, it can be noticed that the water peak
at 1640 cm™" and the carbonate peak at 1480 cm ™" *' show a
slight decrease. The former due to a small water loss and the

b)o.7- *
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Fig. 4 Changes in the spectra region between 900-1100 cm™ during the course of reaction for 2 h in (a) NaOH (b) Triton B (c) TMAH (d) Triton B/

NaOH (e) TMAH/NaOH (f) TMAH/Triton B.
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latter most likely due to elimination of atmospheric CO, when Initially, spectra of pure AGE and AGE in aqueous Triton B
performing the reaction under N,. In order to more specifically were selected as references and superimposed in Fig. 2.
determine relevant absorption bands to follow, several model According to this figure and since AGE does not immediately

and reference reactions have been performed. dissolve in these aqueous bases (addition of AGE to the
a)
100 —  ——— AHP-cellulose dissolved in Triton B(aq)
‘ AGE+water
AGE Hydrolysis in Triton B(aq)
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Fig. 5 (a) Spectra comparison for peak assignment (b) Peak at 996 cm™ in AGE hydrolysis in absence of MCC (in Triton B) (c) MCC etherification by
AGE addition in aliquots in Triton B for 4 h (d) AGE hydrolysis in Triton B for 4 h.
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selected solvents initially creates a biphasic solution after
which a complete dissolution is yielded), one possible way of
monitoring the reaction is to follow oxirane ring peak in AGE.
The objective behind selecting this peak was first to monitor
AGE dissolution as the signal absorbance increases while dis-
solving. Secondly, this peak allows us to monitor AGE con-
sumption during the course of reaction as oxirane ring is
exposed to ring opening which will result in the decrease in its
absorbance. Thus, the peak at 1253 cm ™" was selected and its
changes during the course of reaction in different solvents
were compiled in Fig. 3.

According to Fig. 3, the trends clearly disclose an initial
increase showing AGE dissolution in aqueous alkaline media
followed by a decrease indicating reagent consumption and
finally a plateau. It is evident that AGE in NaOH(aq) takes
longer time to be dissolved and consumed compared to other
studied bases and base combinations. In addition, this figure
discloses the highest solubility of AGE in aqueous Triton
B-containing solutions, decreasing somewhat in TMAH and
TMAH/NaOH(aq). The high AGE solubility in Triton B and
TMAH-based solutions is a prerequisite for an efficient homo-
geneous modification reaction, but also for the reagent
hydrolysis.

In another attempt, the region between 900-1100 cm ™" was
chosen for further investigation in different reaction media.
The overview of the absorption changes in this region during
the reaction time is depicted in Fig. 4.

A closer look at Fig. 4 reveals that in most of the reaction
media as the etherification reaction progresses the height of
the peaks increased up to a certain point after which the
spectra remained unchanged except for NaOH (Fig. 4a) where
a decrease was detected after reaching its maximum. This
decrease is interpreted as cellulose precipitation which
occurred 46 minutes after the reaction was initiated. Cellulose
in aqueous alkali is known to be less stable at elevated temp-
eratures leading to its precipitation and as a result dis-
appearance of signals from the IR probe (the probe can only
detect the dissolved state) and thus its decrease in height
(absorbance). The same trend but to a much lower extent was
detected when using TMAH/NaOH(aq), however, other solu-
tions remained stable during the reaction time. It is note-
worthy to mention that all cellulose solutions remained trans-
parent during the course of reaction except for NaOH which
looked cloudy and turbid. Thus, stability of cellulose solutions
at elevated temperatures in the selected quaternary
ammonium hydroxides is highlighted pointing out that these
solvents can be used for cellulose modification under homo-
geneous conditions.

Nonetheless, the signals arising in this region are complex
combining contributions from several concurrent processes:
(a) a gradual dissolution of the reagent (b) a gradual hydrolysis
of the reagent giving rise to a diol formation (Fig. 2, ESIT) and
(c) etherification of cellulose comprising formation of an ether
bond with a simultaneous substitution of a cellulose OH
group (whether primary or secondary) and generation of a new
secondary alcohol on C8 (Scheme 2). The absorption bands

This journal is © The Royal Society of Chemistry 2022
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arising from these processes originate all from different types
of C-O- moieties, hence, extensively overlap which makes the
distinction of specific signals very challenging. To aid analysis
of these signals and assign the peaks associated to cellulose,
AGE, AHP-cellulose and diol, relevant reference spectra were
collected and superimposed in Fig. 5a.

A detailed examination of Fig. 5a led to distinction of two
different peaks: a peak at 996 cm™ and a peak at 1028 cm™".
The former is unique to AGE reaction in the base indicative of
AGE hydrolysis as it showed a clear increase throughout a
model hydrolysis reaction of AGE (Fig. 5b) as well as during
etherification reactions (Fig. 6). The latter peak at 1028 cm™*
was detected in both cellulose and AHP-cellulose probably
combining contributions from different C-O moieties (e.g,
hemiacetals and acetals from the cellulose backbone and ether
bonds from the introduced substituents in the AHP-cellulose).
This peak showed an increase during the course of etherifica-
tion but since cellulose peak is not expected to increase during
the reaction. We assumed that this increase might be an indi-
cation of cellulose etherification. Thus, in a trial to enable
easier identification of absorption bands relevant to etherifica-
tion and to assess whether there is a contribution of AGE
hydrolysis, two experiments were run: (a) AGE hydrolysis in
absence of MCC (Fig. 5¢) (b) cellulose etherification while
adding small AGE aliquots (to monitor even minor changes in
etherification reaction of cellulose (Fig. 5d). Subsequently, a
comparison analysis between the aforementioned experiments
was carried out. As in Fig. 5c and d, the peak at 1028 cm™
showed a continuous increase both during etherification and
AGE hydrolysis. Changes at 1028 cm ™" detected upon addition
of different AGE aliquots point out that this band indeed
reflects structural changes essential for the etherification pro-
cedure. However, contribution from the etherification reaction
could not be distinguished from the one from AGE hydrolysis.
However, this might be less of a challenge if another reagent is
selected with no additional C-O bonds. Since in this experi-
ment no other distinct peaks corresponding to only etherifica-
tion could not be detected, consequently, the only possible
peak to follow was 996 cm™".

To further compare development of the peak at 996 cm™" in
different solutions, their trends from each medium were com-

100
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y,?,,dﬁ:./ AT DMASGGRRGA S GE,

S
Z 75
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<
®
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g 25— TMAH
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NaOH
0 T T T
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Fig. 6 Trend comparison of the peak at 996 cm™t in different bases.
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piled in Fig. 6. The reactions show quite similar kinetic behav-
iour except for NaOH. The fastest hydrolysis was detected in
Triton B/TMAH in which the trend reaches its maximum
shortly after AGE addition followed by a plateau. While in
NaOH, the peak takes longer time to approach its maximum
height. Besides, a decrease in intensity of the peak after reach-
ing its maximum is detected in NaOH followed by a plateau.
One reason explaining this decrease might be that while cell-
ulose is precipitating some of the reagent is captured and thus

Table 1 Etherification of cellulose in different aqueous hydroxide
solvents

Solvent Reagent consumption time (min)
NaOH 46 (precipitation time)

Triton B 28

TMAH 35

Triton B/NaOH 46

TMAH/NaOH 47

Triton B/TMAH 27

a)
1.15
1.104
1.051
oS
£
=
1.00
0.957 o Triton B(aq)
* TMAH(aq)
¢ NaOH(aq)
0.90 T T T T T T
0 10 20 30 40 50 60
Time, t (min)
c)
1.15
1.104
§1.05- - 7 ..01
= L
: .
1.004 |
T
R Il
0.957 e NaOH(aq)
» NaOH/Triton B(aq)
o NaOH/TMAH(aq)
090 T T T T T T

0 10 20 30 40 50 60
Time, t (min)
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as a result the probe detects a decrease. However, more investi-
gations are needed to find the real reasons behind this
observation.

It is beneficial to know the endpoint of the reaction specifi-
cally when working with cellulose in aqueous alkali at higher
temperature to avoid its further degradation. Using in situ IR
spectroscopy enabled us to estimate the reaction endpoint by
detecting the time after which the absorption in the C-O
region remained unchanged. It should be emphasized that in
this interpretation the reaction endpoints do not only refer to
etherification but to any changes occurring in the studied
region, including the hydrolysis of the reagent too (Table 1).

As indicated above, important factors contributing to the
reaction rate are the solubility of the reagent in the reaction
medium and the stability of the solutions. According to
Table 1, Triton B as well as TMAH/Triton B have similar reac-
tion times taking the least amount of time to reach their end
point. Thus, it seems that TMAH addition to Triton B does not
improve the kinetics of the reaction, however, the reasons
remain to be investigated. Etherification in other solvents took

1.104

e TMAH(aq)
¢ TMAH/Triton B(aq)
* TMAH/NaOH(aq)
0-90 T T T T T T
0 10 20 30 40 50 60
Time, t (min)
d)
1.15
1.10
1.05
(=}
£
=
1.00,
0.957] e Triton B(aq)
¢ Triton B/TMAH(aq)
¢ Triton B/NaOH(aq)
0.90 T T T T T T

0 10 20 30 40 50 60
Time, t (min)

Fig. 7 Reduced transient viscosity, n*/no, where 5*(t) is the instantaneous transient viscosity and 7o is the viscosity at t = 0, vs. time at constant
shear rate, 7 = 1500 1 s~ and temperature 50 °C for: (a) individual solvents, (b) TMAH and its combinations with other bases, (c) NaOH and its combi-
nations with other bases and (d) Triton B and its combinations with other bases. The error bars represent the standard deviation based on averaging

at least 2 individual measurements.
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relatively longer time among which cellulose in NaOH started
to precipitate after 46 minutes.

Can in situ rheology measurements be used to check the
homogeneity and endpoint of the reaction?

Fig. 7 shows the reduced transient viscosity, 1'/n,, where n"(¢)
is the instantaneous transient viscosity and 7, is the viscosity
at t = 0, vs. time for all of solvents. A similar behaviour was
observed in all of the reaction media, with an initial viscosity
decrease (reflecting probably initial dilution of the system
upon AGE addition), followed by an increase (reflecting pro-
gression of the reaction and probably formation of AHP-cell-
ulose with higher molecular weight) until the maximum vis-
cosity was reached within the measurement time (60 min).
However, increase in viscosity during the course of the reaction
was limited to less than 15% above the starting viscosity. It
should be noted that mixing rate during the rheological

View Article Online
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measurements would be expected to be lower compared to
when it is performed overhead stirrers. This is due to the
laminar flow that characterizes viscometric flows.

As depicted in Fig. 7a, the fastest viscosity increase was
reached after ca. 40 min in Triton B. This was longer than the
reaction time recorded in the in situ IR experiments (28 min)
confirming that the mixing rate was lower during rheological
measurements. In contrast to Triton B that showed a smooth
viscosity variation, significant distortions were noticeable for
NaOH. The same distortion but to less extent was observed for
TMAH alone and in combination with NaOH. This is probably
due to the formed cellulose aggregates which were observed
when running the reactions in NaOH, TMAH as well as TMAH/
NaOH by the end of the rheological measurements in the
measuring cylinder. These inhomogeneities were formed as a
result of less optimal mixing conditions making the aggregates
travel up in the cylinder and interfere with the measurements

a)
g H3-H5, H7, H9, and
[ water in DMSO-d,
HO, 4 10
2 > ——)
7
H10
DMSO-d,
H12
H11 H8
I Water - /\HG H2
| N e ~ -
6l0 5'5 51.0 415 4'.0 3‘.5 31.0 2I.5
1 (ppm)
b)
C7,C10
cn ‘
c12
C2
cs
C3,C5
c1 c6
C1s C3s, C2s
11;5 1:;0 155 12IO 1;5 11IO 1;]5 1(IJO 9IS 9IO 8I5 BIO 7'5 7'0 6l5 6'0
1 (ppm)

Fig. 8 (a) *H NMR and (b) 2*C NMR spectrum of AHP-cellulose isolated from TMAH(aq).
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resulting is distortions. Another consequence of not having
optimal mixing conditions was that, except for Triton B, the
maximum viscosity corresponding to the completion of the
reaction could not be determined. In addition, due to the large
variability between the repeated tests, it was not possible to
determine which reaction media would result in the highest
increase in shear viscosity.

As indicated in Fig. 7b-d, the presence of Triton B in com-
bination with all measured solvents affected the reaction kine-
tics significantly by increasing the smoothness of the curves.
In turn, cellulose interaction in NaOH resulted in a slower and
inhomogeneous viscosity increase, confirmed by in situ IR
spectroscopy measurements as well. In addition, similar temp-
erature instability was observed in NaOH as well as in NaOH/
TMAH. These findings indicate that when Triton B is used as
the solvent in cellulose solutions either alone or in combi-
nations, temperature stability of the solutions is higher. In
addition, the importance of mixing rate as well as homo-
geneous mixing where all the solution is mixed equally is high-
lighted when modifying cellulose in aqueous alkaline systems
specially at high temperatures since these solutions are prone
to aggregation. In this study, a full comparison between indi-
vidual systems was not possible due to limited mixing rate
possibility in rheometric flows and the resulting aggregates.
Still, in situ rheology measurements can be used a valuable
tool to provide a complementary study to evaluate the tempera-
ture stability of the systems and give an insight into the kine-
tics of the reactions provided that optimal reaction conditions
are applied.
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Product characterization and estimation of the substitution

Given the results of the in situ monitoring (pointing out the
effect of the solvent base composition both on stabilization of
the solutions and hydrolysis of the reagent), it becomes essen-
tial to investigate their influence on the etherification pro-
ducts. Initially, ATR-FTIR spectra of unmodified cellulose and
AHP-cellulose yielded in NaOH, Triton B, TMAH as well as
mixtures of the mentioned bases have been collected which
confirmed the product formation (Fig. 3, ESI}). To further
confirm the product synthesis NMR measurements were run.

Both '"H NMR and quantitative "*C NMR confirmed AHP-
cellulose synthesis (Fig. 8a and b). When cellulose is substi-
tuted, all the substituted positions (C2, C3 and C6) show
different chemical shifts. Furthermore, it has been reported
that upon cellulose functionalization the adjacent carbons (C1
and C4) show upfield chemical shifts.**** >*C NMR spectra
(Fig. 8b) showed a partial substitution on all cellulose hydroxyl
groups at 70.32, 82.25, 82.89 and 102.02 ppm attributed to
substituted C6, C2 and C3 and C1 (as a result of C2 substi-
tution) respectively, which could also be confirmed by HSQC
analysis for all the studied solvent systems (Fig. 9). NMR
spectra of AHP-cellulose isolated from other solvents can be
found in the ESL.}

However, in this reaction as a result of cellulose etherifica-
tion via epoxy ring opening, a new OH group is introduced on
position 8 of the substituent (Scheme 2) with the possibility of
reacting further with another AGE (through the so-called
cascade reaction, Fig. 14 in ESI}). Therefore, the values
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o w":"’ = 74
. -~ N\ e

) 2 K —_
. i - 76 g.
2
-

= - 78

80

82

C2s
84
G3s
T T T T T T
40 39 38 37 36 35 34 33 32 31 30 29
f2 (ppm)

Fig. 9 HSQC NMR spectrum of AHP-cellulose isolated from Triton B.
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obtained from integration in *C NMR were reported as molar
substitution (MS) referring to the total amount of substitution
sitting on each glucose ring. This value points out the possi-
bility of introduction of multiple AGE to the same initial posi-
tion on cellulose summarized in Table 2 (reported as average
number of moles of the substituent introduced per each anhy-
droglucose unit). This approach is straight forward as all C1
carbons, also those shifted due to a nearby substitution, will
appear between 100 and 105 ppm without any overlap of other
peaks. It is notable to mention that efforts have been made to
assess the degree of substitution (DS) of individual cellulose
carbons too following the recently reported procedure by Kono
et al.*® however, in this study, the estimation of the substi-
tution distribution was not possible due to heavy overlap of
the signals and complex line shapes of the peaks.

Essential to consider was that the same cascade reaction is
possible when AGE is hydrolyzed to a diol capable of further
reacting with AGE and creating a higher molecular structure
that might be retained within the cellulose network during the

Table 2 Estimated MS calculated from **C NMR
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dialysis work-up. To make sure that the isolated product did
not include any such by-products, AGE and the solvents were
allowed to react in absence of MCC and the same work up pro-
cedure was performed to isolate the products. As no products
were obtained after freeze drying, it was concluded that the
isolated AHP-cellulose did not contain any AGE-related by-
products.

The highest MS value of 1.49 was obtained when the reaction
was carried out in NaOH while the other obtained values were
lower (0.79-0.88) and quite similar to each other. This result
was quite unexpected since our previous observations showed
lower temperature stability of cellulose solutions in NaOH and
lower solubility of the reagent in this medium. Thus, there
remained this question whether this high MS value represents
more cellulose substitution in NaOH compared to other sol-
vents? In order to answer this question several results and
observations were required to be considered as follows.

First, assessment of the HSQC spectra (Fig. 9) showed that
hydroxyl groups attached to C2, C3 and C6 have been functio-
nalized with no significant deviations between the studied sol-
vents. In addition, AHP-cellulose obtained in NaOH had lower
solubility in DMSO-ds when running NMR compared to AHP-
cellulose yielded in other solvents. While a more substituted

Sample MS product would have had higher solubility in DMSO-dg. Peak
NaOH 1.49 +0.10 intensities can be compared when the linewidth of the peak is
TMAH 0.88£0.06  similar, which is the case for our samples, otherwise peak inte-
iﬁAoI:/g‘mon B g'% f g'gg grals must be considered. The obtained *C NMR spectrum for
Triton B/NaOH 0.79+0.06 AHP-cellulose yielded in NaOH was very similar to other *C
TMAH/NaOH 0.79+0.06 NMR spectra (Fig. 10) except for the higher intensity of C1 and
c1 I A ‘
J \ { \ ‘ IL CNG
l ces)
| c1s A AR j \ A
\ “ \ “ ‘ \
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Fig. 10 '*C NMR spectra of AHP-cellulose isolated from NaOH (blue) and TMAH (red).
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the lower intensity of C1s. This observation is in contrast with
the fact that higher DS values result in lower intensity of C1
and C6 and increase in intensity of C1s and C6s.>® Reflecting
on in situ IR spectroscopy results, AGE has lower solubility in
NaOH and as shown in Fig. 3 and Table 1, cellulose in NaOH
solution starts to precipitate when AGE reaches it maximum
dissolution (ca. after 45 minutes). Taking into account the
mentioned observations together with better cellulose solubi-
lity in TMAH and Triton B reported in previous works>>?°
better AGE solubility and higher temperature stability of the
solutions except for NaOH (Fig. 4), a probable indication
could be more occurrence of cascade reaction in NaOH. Most
likely cellulose precipitation causes lower accessibility of cell-
ulose hydroxyl groups for etherification while on the other
hand it is possible that the new hydroxide group formed on
the substituent C8 (Scheme 2) reacts with AGE promoting
cascade reaction (resulting in high MS value). Thus, it seems
that this high value results from multiple AGE substitution
sitting on the substituent itself which is subject to further
investigation.

It is worth mentioning that the substitution pattern is likely
rather uneven, since none of the obtained AHP-cellulose were
soluble in D,O as even distribution of the substituent with
comparable introduction of the substituent usually yields D,O
soluble material.*®

Conclusions

Homogeneous etherification of cellulose through epoxy ring
opening proceeds with a comparable rate to the competing
hydrolysis of the etherification reagent. For the latter, the solu-
bility of the reagent in the reaction medium seems to be deci-
sive. Bases promoting dissolution of a relatively non-polar
reagent such as QAHs will thus also promote reagent hydro-
lysis compared to NaOH(aq) where both dissolution and
hydrolysis of the reagent are slower. Here, a clear effect of the
hydrophobicity of the base could be observed, as the more
hydrophobic Triton B dictated a faster reagent hydrolysis and
lower DS, compared to the less hydrophobic TMAH.
Combining the QAHs with NaOH(aq) as a reaction medium,
does not seem to slow down the reagent hydrolysis, probably
as the presence of QAHs efficiently mediates reagent dis-
solution regardless of the NaOH(aq). Interestingly, from the
cellulose solubility point of view, the presence of QAHs is
desirable as it provides more homogeneous and stable reaction
conditions throughout the reaction. In addition, in the reac-
tion media containing QAHs homogeneous conditions were
largely maintained (even when combined with NaOH(aq)).
Although limited by the overlapping of the absorption bands,
in situ FTIR can provide a useful fingerprint of the reaction
enabling estimation of the reaction time and monitoring of
some major chemical conversions (e.g. epoxide ring opening
and AGE hydrolysis) as well as solution stability during the
reaction. In this regard, in situ IR spectroscopy proved to be a
valuable tool in selection of the solvent providing more infor-
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mation on side reactions which is critical to be considered
when selecting a reagent. Aided by this technique, the end of
the reaction can be detected to save energy and avoid material
loss. Moreover, in situ viscosity measurements allow comple-
menting real-time insight in the homogeneity of the reaction
mixture, which is invaluable information considering inherent
instability of these solutions over time, at elevated tempera-
tures in particular. All the solvents except NaOH yielded
similar lower MS values in comparison with NaOH. Yet, the
high value in NaOH is an indicative of excessive cascade reac-
tion as a result of low AGE solubility, low temperature stability
of cellulose solution in NaOH and thus lower accessibility of
cellulose OH groups to AGE. None of the bases were observed
to exert any regioselectivity on the monomer level, as the AHP-
cellulose showed substitution on all three available hydroxyl
positions without any significant variations among the
different bases. Based on these findings, we state that cellulose
etherification can be influenced by tuning the base compo-
sition of the reaction medium: though QAHs promote reagent
dissolution they seem to lead to lower cascade reaction. In
addition, NaOH is cheap, readily available and non-toxic, yet
due to the low thermal stability of cellulose solutions in NaOH
(aq), its combination with another solvent providing better
stability to cellulose solutions, such as Triton B, can be a good
alternative to promote cellulose modification. Although the
present study is mainly qualitative since the quantitative ana-
lysis of the spectroscopic data (both NMR and FTIR) was often
hampered by overlapping signal, some important trends and
characteristics of the cellulose etherification as well as the side
reaction could be pointed out. The study also stresses the
importance of employing complementary methods (here FTIR,
rheometry and NMR) and a comparative approach along with
critical analysis of the spectroscopy data when investigating so
challenging systems.
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