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Abstract

Solutions of xylan and xylose in 1-ethyl-3-methylimidazolium acetate [C2mim] [OAc], a roopetatare

ionic liquid, were examined across a range of temperatures (20 °C - 70 °C) using: NMR spectroscoy
diffusion; low-field (20 MHz) spin-lattice and spin-spin relaxation times; and rheological measurement
through the zero shear rate viscosity. The addition of xylose and xylan affect the mobility of the ions, with
decrease occurring when the carbohydrate concentration is increased. The ratio of the diffusion coefficie
for the anion to the cation remained constant upon the addition of both xylan and xylose, showing that
anion and cation were equally affected by the presence of the carbohydrate. The translditisioal ibtion

of the ions in the xylose solutions were similar in value to published results for cellobiose, which we expla
in terms of the number of available carbohydrate OH groups that the ions are interacting with. We obse
from the various NMR results that the dissolving mechanism of xylan in [C2mim] [SAwhilar to that for

cellulose.
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4.1 Introduction

Nuclear Magnetic Resonance (NMR) is employed to determine both molecular structure andslynamic
wide range of scientific disciplines. NMR can study the chemical and physical properties of molecules
solution and solid state; it can determine crystallinity, sthybdf solutiort, phase changes, conformational
exchange, diffusion and rotational motioifihis is all achieved by exploiting the sgimagnetic properties

of certain NMR active nuclei. If these nuclei are within a liquid then they will move randomly about throug!
a process of diffusion, known as Brownian motion. If this liquid is within an applied magnetic field that has
spatial dependence, a field gradient, then this will cause the nuclear processional frequencyewitb va
time. It is this phenomenon that enables NMR to quantify the diffusion of the nuclei, through the detection
the resultant time dependence of the NMR signal that itself is a result of the time dependence of the
processional frequenci€’s The self -diffusion coefficient, D, can be defined by the position r(t) of the
molecule or ion in the medium at a given time t, through the classic Einstein eduation

<[r(®) —r(0)])*>= 6Dt (4.1)

The value of the diffusion coefficient depends on the shape of the ions/molecules, their size, and the
viscosity of the solution they are witRifi The correlation between translational diffusion of ions/molecules

and the thermal energy in a viscous medium is given by the classic-SEikstin relationshib

1 kT
D= —X
JiJ] 6 TRy

(4.2)

where ks the Boltzmann constant, T is the temperajusehe viscosity of the solution aRy, is the effective
Stokes radius of the ion or molecule. The consfarta correction term, also known as the micro-viscosity
pre-factor. It is equal to 1 when the diffusing particle is much larger than the size of the surroundintesiolec
that make up the medium through which it diffuéelé can also be less than one if the particle is similar in
size to the surrounding molecules that comprise the viscous médiukacording to McLaughlin, the value
4 should be used instead of the 6 in the &dknstein equation, when the size of the diffusing particles is
the same as that of the surrounding molecules, which in effect makes f=2/3 in the above®etjédtionm
temperature, the values of diffusion coefficient are typically in the range betde@m?s™ and 1012
m?2s™ for molecules in liquid$® X The hydrodynamic radiusky, of particles can be determined from the
diffusion coefficient and the ratio of the temperature to viscosity through this Stokes-Einstein equation. T
effective hydrodynamic radiu® ;, of a molecule in a solution can also be estimated through the average
volume that it occupies via the following equafidf

1 1

(22 =1 (21 43
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where N, is the Avogadro numbep,is density of the mediumy; is the molar mass ang, ; is the molar
volume of the diffusing particles i. Equation 4.3 is used in many studies and has been shown to give reason.

approximate values for the effective radii of iGn$*3,

In a system of interacting NMR active nuclei the relaxation timean@ & can be related to a rotational
correlation timeg,.,;. Theserelaxation times and ihcorrelation time depend on temperature; two regimes
can be identified by comparing the correlation time to the Larmor precessional frequency of theondglei,
Liquid regime, found at a high-temperature limit when relaxation timesd@ & are approximately equal,
here both relaxation times increase as temperature increaserand< 1. 2) Solid regime, found at low
temperature and;>> T, here T rises with decrease in temperature, whieetucesand trot >> 1. The

cross over from one regime to the other occurs at a minimuavih@ ot = 0.625 1413

According to Bloembergen-Purcell-Pound (BPP) theory, in the liquid regime, the relaxation tieres T

can be determined for an isolated spin pair, consisting of two protons separated by agisigribeough,

— =— = 1041, (4.4)

1 2
where Ais a constant defined as follows:

3 —
A= — y4h2(j—;)2 iy (4.5)

wherey is the gyromagnetic ratio of protorisjs the reduced Planck constant, agds the permeability of

free spacé* 1>

The rotational correlation time,,; can be related to the size of the rotating molecule through the Debye-

Einstein equation for spherical molecules, as:

Tror = 4/3 7R, ](:7 (4.6)

where 7 IS the zero shear rate viscosity. The above equations 4.4, 4.5 and 4.6 can be combined to giv

relationship between relaxation times, viscosity and hydrodynamic radius, as:

T (40mA Ry®)

This equation will be applied to experimental data to determine the effective hydrodynamiR yawfiions

in our samples.
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lonic liquids (ILs) are organic salts that have a melting point below 100°C, with some being liquids eve
below room temperatur® 7 ILs can be formed from numerous different anions combined with many
different cations '® '°. The most common cations used are imidazolium, pyridinium, ammonium and
phosphonium derivatives 2°. The one most frequently used for biomass processing, including cellulose, is
imidazolium?!. Ionic liquids have been employed in many fields, such as solvents, in catalysis, separation
technology and electrically conducting fluids 2> 2°. In 1934, Graenacher proposed the use of molten N-
methylpyridinium chloride as a solvent to dissolve cellulose, and observed that this salt has a relatively low
melting point at just 118°C 2*, Ionic liquids have been employed for dissolution, homogeneous derivatization
and biomass processing. Swatloski originally reported on 1-butyl-3-methylimidazolium chloride [BMIM]
[CI], being technically the first use of an ionic liquid in the field of cellulose technology 2> ?°. The most
important reasons to select ILs to process biomass are their “green” credentials (low vapour pressure),
potential variety (““‘designer” solvents), as well as the advanced understanding of the solvents’ properties that
have developed. Moreover, the use of ILs will allow an increase in solution efficiency and reduction of

undesirable solvents, coupled with control and flexibility in the processing methodology 27-%°.

Over the last two decades, tlbaic liquid 1-ethyl-3-methylimidazolium acetate [C2mim] [OAc] has received
much attention as an excellent solvendlissolve polymers such as cellulose and molecules such as carbon
dioxide 2% 30 31 [C2mim] [OAc] has many desirable properties, such as a lower melting point, negligible
vapour pressure and relatively low viscosity, compared with other ILs, in addition it has good thermal stability
32,33 Therefore, [C2mim] [OAc] is utilized in this work as the solvent to dissolve a variety of carbohydrates,
such as glucose, cellobiose and xylan. The chemical structure of the IL [C2mim] [OAc] solvent is shown in

Figure 4.1 This solvent consists of the imidazolium cation [C2mim] and the acetate, anion [OAc] 2%,

[Figure 4.1 near here]

Recently, the dissolution of carbohydrates (polysaccharides and monosaccharides) in ionic liquids he

attracted attention, both academically and within indidét@arbohydrates are molecular compounds that are
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made from elements: hydrogen, oxygen, and cafbdtere, the structure of four carbohydrates so far

described are shown in Figure 4.2.

Cellulose is the world’s most abundant naturally occurring biopolymer, found in plants, bacteria and fungi
andis predicted to become the largest source of renewable mat€riéllsin 1838, the first research on
cellulose vascarried out by Anselm&. Cellulose has numerous significant applications in the fibres, paper
and paint industries. It has a hydrogen-bonded supramolecular structure, containing D-anhydroglucopyran
units connected by (1—4) glyosidic bonds % %% Hydrogen bonds form between the hydroxyl group of
neighbouring chains and give toughness and strength to the cellulose stttdiekulose is insoluble in
most organic solvents and water. Therefore, there has been significant effort to find ways to process cellul
using new solvents and reagéhtslating back to the viscose method that uses carbon disufffhifike
viscose process was developed by scientists Charles Frederick Cross and Edward John Bevan. In 1892,

obtained British Patent no. 8,700 for *‘Improvements in Dissolving Cellulose and Allied Compounds’” #4,

After cellulose xylan is the second most abundant biopolymer, on“@axiyian is found in the cell walls of
plants and comes in a wide range of structures, where this diversity in structures is correlated with th
functions in the plants they are found. It is a polysaccharide and consists predominantly-e#) — linked
xylose residueé®. The differences in the xylan backbone structure depends on the botanical source. T
composition of the xylan backbone commonly contains a galactose, xylose, arabinose and mannose, as
as an esterase group (acetyl and ferulic acid). Like cellulose, xylan is insoluble if®wRément studies are
interested in employing xylan in numerous applications, such as paper, food industry, biofuel, as well as
pharmaceutical as a prodrug. Xylan ester have been eedg@ew carrier drug and also sulphate derivatives
to use as antiviral drug® 48 Xylose is a monosaccharide and can be derived from hemicellulose, such a
xylan 2%, Xylose has a variety of industrial applications such as in pharmaceutical and food production
Cellobiose, which will be investigate here, is a disaccharide and consists oftgladopyranose units

connected by A (1—4) glyosidic bond*®

[Figure 4.2 near here]
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4.2 Experimental Methods

A Bruker Avance II (400MHz) spectrometer with diffusion probe (Diff 50) was used for the diffusion
measurements. The measurement of relaxation times 77 and 7> were performed on a 20 MHz “low” field

Maran Benchtop NMR spectrometer.
4.2.1 NMR Diffusion

Diffusion was measured using the method of NMR stimulated echo pulse sequence with bipolar gtadients
52 which is produced by a combination of magnetic field gradients and radiofrequency pulses (PF&SE)
Bipolar gradients, g is used for dephasing and rephasing the magnetization positions during/tharitddie

is the pulse duration of the joint pair of bipolar puesxperimentally, attenuation of the signal of the

intensity of ions in PFGSE is provided by equation®2.%

(/g ) = =Diy*g*8% (8 —9/3=7/y) (4.8)

whereD; andS; are a diffusion coefficient and the measured signal intensity of ions respecfjygl.an
initial signal intensity,A the time between bipolar gradients, g the gradient strength; &sne period
separating the starting of each pulse pair. The parameters used %@nes,5 2-5ms, g was incremented up

to 20Tm* (gradient field strength was confirmed using water at 20*&pdr was kept constant at 2rfs
57-59

4.2.2 NMR Relaxometry

The inversion recovery method is the pulse sequencerk890°x and is utilised to measure the relaxation
time T.. After the initial 180° pulse the net sample magnetisation M points along the negative Z-direction ar
then duringr M relaxes until it eventually {—o) returns to the original and equilibrium position, pointing
parallel to the positive Z-directidit: % This sequence is repeated for variewslues and/, as a function

of 7 is recorded. This function is then fitted to a single relaxation time expression given by:

My = My (1—2exp /r1) (4.9)
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The pulse sequences for measuring spin-spin relaxation tinea3 developed by Carr and Purcell in 1954

3, Experimentally, T is measured by ‘90°x-t-(18(°X-t-measures-),’’, which is known as Carr Purcell
Meiboom Gill (CPMG) sequence®. Experimentally, the relaxation time is approximately exponential and
is governed by Equation 4.10. In the transverse relaxation measurement, the magnetization is kept within

XY plané’’. The value of magnetisation in the y-direction can be calculated by the equation:
M, = M, exp /2 (4.10)

where M is magnetisation in transverse plane at the echotiribe pulse sequence is employed to eliminate

the effects of field inhomogeneities on the measured relaxatior?ffm# 62

4.2.3 Viscosity

All rheological measurements were carried out for all carbohydrates solutions using a dynamic stre:
controlled rheometer (Kinexus Ultra, from Malvern) equipped with a cone-plate geometry (4°- 40 mm) and
temperature control system, using software called rSpace. A thin film of low-viscosity silicone oil was adde
around the edges of the plates to prevent moisture-contamination during the viscosity measurements.
Cross— Viscosity Equation has been used to extrapolate to the zero shear rate viggdSitgteady-state
measurements were recorded for temperature between 20 °C to 60 °C inclusive in 10 °C steps, before

experiment was run.

424 Materials

The ionic liquid 1-ethyl-3-methylimidazolium acetate [C2mim] [OACc] solvent was purchased from Sigma-
Aldrich (purity > 97%, highest obtainable). D-xylose and cellulose powders were obtained from Sigma
Aldrich with a purity of> 99% for NMR and viscosity measuremerXsglan was extracted from pulping of
primary birch wood in the form of a white powder, and it was obtained from the company BillerudKorsnés.
The carbohydrate composition of xylan is by dry weight fraction: xylose 88%, glucose 6%, galactose 4.4%,

arabinose 1.4% and mannose 0.3%. There are other components in xylan, such as lignin and ash.
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4.2.5 Sample Preparation

D-xylose and xylan were dried in vacuum at 50°C for 24h before use. D-xylose and xylan were individually
dissolved in [C2mim OAc] solvent to prepare two sets of five samples with different weight fraction (weight
fraction: 1%, 3%, 5%, 10% and 15%). Carboyhdrate solutions were stirred under nitrogen gas in an MBraun

Lab Master 130 Atmospheric chamber preserved at a dew point between -70 °C and -40 °C. The NMR tubes

of samples were sealed to prevent contamination with water from the atmosphere within the chamber. Low
concentrations of xylose took48h to dissolve in [C2mim] [OAc] while high concentrations (5%, 10% and
15%) approximately 1 week, these samples were prepared without heat. All carbohydrates solutions w
placed in the NMR tubes with depths less than 1 cm to reduce convection currents on heating in the NI

machine. By doing this, we followed the guidance set out by Annaf%t al

4.3 Results and Discussion

4.3.1 Xylose Results

4.3.1.1 NMR Diffusion

IHNMR spectroscopy, diffusion, and low field relaxometry (20MHz), across the temperatures range (20 °
to 60 °C), were used to examine the influence of D-xylose on the ions of the IL [C2mim] [OAc]. The *H NMF
spectrum displays seven peaks, each peak corresponds to a chemically distinct proton within the ionic liq
molecule, see Figure 4%. During measurements of NMR diffusion, it was found that the diffusion
coefficients of all cations resonances were approximately equal. The diffusion data of xylose will be compar
to cellobiose data, which is taken from Ries et®%to understand the influence of carbohydrate structure, in
particular the number of available OH groups, has on that theAansrtrhenius type equation was used to

model the temperature dependence of the self-diffusion coefficients of the ions Dcq;/qn at all the xylose and
xylan weight fractions %,

~Eap )

D(cat,an) = Dy exp Crr (4.11)
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where R is the translational activation energy for the ions, R is the universal gas constant, T is temperatu
andD, is the zero activation energy limiting value (sometimes known as the high temperature limiting value

of the diffusion coefficients for the iori&

In Figure 4.3 (a, b) the solid lines are the Arrhenius fits. The mobility of anions and cationseledgtban
increase in xylose weight fraction. The values of diffusion coefficients increase with increase in temperatu
as expected. Figure 4.4 presents the ratio of diffusion coefficients of anions to cations as a function
temperature for xylose and cellobiésérhe ratio of diffusion coefficients of the anion to the cations for all
xylose and 1% and 15% cellobiose concentrations, for comparison, were calculated from the data whicl
presented in Figure 4.3 As the temperature increased the ratio of anion [OAc] to cation [C2mim]tdBusivi
remained constant, with only a slight dependence on the xylose weight fraction. The 1% and 15%ecellobic
data display a similar temperature and concentration dependences. This suggests that both carbohydrates
a similar dissolving mechanism, which thus affects the translational motion of the ions similarly. Cellobios
and xylose have the same number of OH groups per molecule, 4, and this number has been shben to b
key factor in influencing the diffusion of the surrounding fSndhe ratio of anion [OAc] diffusion
coefficients to that of cath [C2mim] is less than 1. This is known as ‘anomalous’ diffusion, since the anion

is geometrically smaller than the cation and therefore is expected to diffuse faster, but experimentally dc

not.

[Figure 4.3 near here]

[Figure 4.4 near here]

4.3.1.2 Proton Chemical Shift

The chemical shifd of the resonances on the addition of carbohydrate was determined frésibectra,

this is the change for each resonance from the pure IL [C2mim] [@&a}ing” position caused by the
addition of the carbohydrate. Figure 4.1 shows the labelling of proton resonances in the structure of
[C2mim] [OAc]. The chemical shifA§ of protons resonances was calculated u8irgsonance peak 5 as the
reference position, as described elsewherBrotons of imidazolium ring [C2mim] have negative values of
Ad and arelatively large movement for peak 2, which is the most acidic proton. Peak 6 belongs to the anic
[OAc] and peak 7 to a cation methyl group, and these both display positive valies-mfure 4.5 sha's at

40°C, the movement of peak positions, this indicates that the addition of xylose and cellobiose disrupts t
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associated ions in the IL [C2mim] [OAc]. The reason for this is presumably the formation of hydrogen bonc
between the IL and the OH groups from the carbohydrates and the disruption of the ion-ion interactions
can be seen that cellobiose and xylose have almost identical effects, weight for weight, on the resona

frequencies of the ionic liquid protons.

[Figure 4.5 near here]
4.3.1.3 Viscosity

The viscosity measurements of different xylose concentrations (1%, 3%, 5%, 10% and 15%) were measu
across the range of temperatures 20 °C to 60 °C inclusive. Figure 4.6 shows the experimental data for ¢
concentration is plotted as () against inverse temperature. Viscosity values increase with xylose weight
fractions and decrease with temperature. It can be seen that the xylose solutions behave in a remdakably sil
way to the cellobiose solutions.

[Figure 4.6 near here]
4.3.1.4 Stokes— Einstein Analysis

Stokes-Einstein relationship was employed to examine the relationship between the microscopic (diffusic
and macroscopic (viscosity) properties of ions and molecules. The hydrodynamic Radiwd,ions was
calculated using Equation 4.3. The values of the effective hydrodynamic radius are for the afiam@®.2

the cation 2.8 X. These values at,; are used in Equation 4.2 with NMR diffusion data to determine the
correction term f. Figure 4.7 (a, b) shows the correlation between translational diffusion of anions and catior
and the ratio of temperaturg&)to the viscosity (Pa s) for the pure IL [C2mim] [OAc], 15% cellobiose and
all the xylose concentrations. The cellobiose and xylose solutions follow the Stokes-Einstein Equation. 4
data, the pure ionic liquid, the 15% cellobiose and all the xylose solutions form a single master plot. Frc

Figure 4.7 the gradients are used to determine the correctionfiasshown in Figure 4.8.
[Figure 4.7near here]
McLaughlin reported that when the sizes of ions are the same as that of the molecules of the solution, t

f~2/3, but f is equal to 1 when the diffusing particle is large compared to the molecules of the viscous

medium?!2 Figure 4. 8 presenthe correction term, f, of cations and anions as a function of the weight
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fraction of xylose. Th¢ for anionsis ~0.7 and this indicates that the anions diffuse as expected. The cation
fis lower, which indicates that the cations are diffusing faster than expected. This suggests that gites the fa

diffusion of the cation that is the cause of the anomalous diffusion in this ionic liquid.

[Figure 4.8near here]
4.3.1.5NMR Low Field Relaxometry

Low-Field (20MHz) NMR relaxation Tand & of different xylose concentrations (1%, 3%, 5%, 10%, and
10% of cellobiose) were measured across the range of temperatures 30 °C to 70 °C. Low field N
measurements have an inadequate chemical resolution to distinguish between ions; therefore, the calcul
values of the relaxation times are an average across both ions. The valussdbot Telaxation times increase
with an increase in temperature, and decrease with increasing xylose concentration, indicédsg) dhe
rotational mobility of the ions with increasing xylose. Figure 4.9 (a, b) shovesvéry close to Jfor all the
xylose samples, and that there is insignificant difference between 10% cellobiose results and tHesE)% xy
results. Across all our measurements cellobiose and xylose are practically indistinguishable. At low fie
relaxation, xylose is found to be in the liquid regime across all selected temperatures, meaningahefrotati
the ions must be fast in comparison to the timescale set by the inverse of the Larmor frequency (20 MHz).

[Figure 4.9 near here]
4.3.1.6 Stokes-Debye-Einstein Analysis

As mentioned above, low field NMR has insufficient chemical resolution to distinguish between cations ar
anion, therefore in the following analysis, the values of the hydrodynamic radiRgiz€alculated are an
averaged value over both ions. Stokes- Einstein-Debye Equation 4.7 was applied to the NMR r&faration

to calculate the value of the effective radius of the iBps, Figure 4.10a shows the dependence of relaxation
times T on the ratio of temperature to viscosifys) for 10% cellobiose and all the xylose concentrations.
All data collapse together to form one master curve, which shows how similar the cellobiose and xylo
systems are. The gradient for each concentration is close to the expected unity from Equation& 4 1Blgu
shows that same relationship holds almost as well for relaxation tim&kel'slope for each concentration

was used to calculate the value of the effective hydrodynamic radii using Equation 4.7.

[Figure 4.10 near here]
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Figure 4.11 shows the hydrodynamic radius calculated from the relaxation tifnes The xylose solutions

and the hydrodynamic radius determined from the sample density4sihich gives an average value of
2.5 A. It can be seen from Figure 4.11that the value of the effective hydrodynamidmediases somewhat
with increase in concentration, though they are not far from the expected 2.5 A, going between84 A to
The size of ions does not in reality change, but their relative ease of motion within these solutions is chang
and this is being quantified by this parameter.

[Figure 4.11 near here]

4.3.2 Xylan Results

4.3.2.1 NMR Diffusion

The influence of xylan on the diffusion properties of the ions of the IL [C2mim] [OAc] was examined using
'H NMR spectroscopy, diffusion, and low field relaxometry, across the temperatures range (20 °C to 70 °(
Cellulose data, for comparison, has been taken from ref 49. Temperature increases both the diffusivity
cations [C2mim] and anions [OAc], but an increase in concentrations of xylan decreases thressdréor

this is that the viscosity is increased by the presence of xylan and decreased by increasiatuterape

there is an inverse relationship between diffusion and viscosity, through the Stokes-Einstein relationst
Figure 4.12 (a, b) shows the diffusion coefficients of cations and anions as a function of the inverse
temperature for all the xylan solutions. The values of diffusion coefficients of the imidazolium cation:

[C2mim] is close to tht of the acetate anions [OACc].

[Figure 4.12near here]

Figure 4.13 shows that as the temperature is increased the ratio of anion [OAc] to cation [C2mim] @§fusiviti
remains constant, with only a slight dependence on the xylan concentration. The 1% and 15% cellulc
solutiong® are also shown as a comparison with this data displaying a slightly stronger concentratic
dependence and a similar weak temperature dependence. The ratio of anion [OAc] diffusionntedtiicie
that of cation [C2mim] is less than 1, as it was for the xylose samples. The addition of xylgratiactd tie

value of this ratio. This similar weak concentration dependence suggests a similar dissolving mdohanism

both carbohydrates, cellulose and xylan, indicating that the reduction in mobility of both ions has the sar
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source, presumably a change in the local effective micro-viscosity. If the anion experienced more and
stronger interactions with the carbohydrate, say via hydregpenmding, then this would preferentially reduce

the diffusivity of the anion.

[Figure 4.13 near here]

4.3.2.2 Proton Chemical Shift

In Figure 4.14 the chemical shift results are displayed, fdlC4@here & is the resonance frequency for a
proton in parts per million (ppm), and Ad indicates the change of this frequency from the pure IL [C2mim]

[OAc] positions, caused by the addition of xylan. The anion [OAc] forms hydrogen bonds with the
carbohydrate, which movésdownfield, rather than remain associated with the protons in the imidazolium
ring [C2mim]. It is interesting to note that the Ad on the addition of xylan is practically identical to the chemical
shift movements on the addition of cellulose, implying that the dissolution process in both is similar.

[Figure 4.14 near here]

4.3.2.3 Viscosity

The measurements of viscosity of different xylan concentrations (1%, 3%, 5%, 10% and 15%) were measu
across the range of temperatures from 20 °C to 60 °C inclusive. The viscosity dependences inditease
adding xylan as would be expected. Figure 4.15 presents the experimental data for each concentrdtion plc

as zero-shear viscosity, against inverse temperature, K.

[Figure 4.15 near here]

4.3.2.4 Stokes-Einstein Analysis

Stokes-Einstein theory was used to compare diffusion with the viscosity in these xylan solutions, from tt

the correction term f, was calculated using the size of the ions calculated from the solution densities Vi
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Equation 4.%. Figure 4.16 (a, b) shows the correlation between the diffusion coefficients of anions ani
cations and the ratio of temperature to viscosity. The diffusion coefficients of cations and anion of lnJC2mi
[OACc] are slowly decreased with an increase in polymer concentration. However, this geadctbn of

diffusion coefficients came with a strong increase in viscosity.

[Figure 4.16 near here]

Figure 4.17 shows the correction term f for cation [C2mim] and anion [OAc] as a function of weight fractiol
of xylan. The correction term decreased with increased xylan concentration. It is interestingthatribie

anions have f~1, so diffuse as expected, but the cations are less than one, this indicates the cations difft
faster than expected. In Figure 4th6 f drops off with the increase in xylan concentration, this is due to the

decoupling between the macroscopic and microscopic viscosities. Macroscopic entanglements are forme
concentrations above the overlap concentration and these dramatically increase the sample viscosities
these large structures do not significantly alter the mobility of the ions, being quantified via the diffusio
coefficients. This difference between what is happening microscopically and macroscopically is driving tt

decrease in f with increase in concentration.

[Figure 4.17 near here]

4.3.2.5 Low -Field Relaxometry

Figure 4.18 (a, b) show the low-field relaxation timeaid & plotted as a function of temperature for 15%

of cellulose and all the xylan concentrations. Here the relaxatiandl't times are in the liquid regime, they
increase in value with an increase in temperature. Figure 4.18 (a, b) displays the relaxation time measurem
showing that T is slightly less than or approximately equal toal 20 MHz. This suggests that rotational
motion is the dominant mechanism for NMR relaxafibrit can see that in Figure 4dthat an increase in
xylan concentration decreases The relaxation timelis related to the mobility of the ions, with an increase
here indicating an increase in mobility or, in other words, a decrease in the local micro-viscosrglu€be

of T1 for 15% of the cellulose are positioned between the 5% and 10% xylan concentration restgferd,h

the mobility of the ions at 15% of cellulose is higher compared to that of the ions in the 15% xylan solution

[Figure 4.18 near here]
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4.3.2.6 Stokes-Debye-Einstein Analysis

Experimentally, relaxation times were measured across the temperature (70 °C - 30 °C). As before, Stok
Einstein-Debye Equation was applied to calculate the values for the Rgjusf ions in these solutions.
Figure 4.19 (a, b), presents the relationships between relaxation times and the ratio of temperature to visco
Figure 4.19a presents the relaxation timéoi all xylan weight fraction combined from different temperatures
giving a single master plot, while 15% of the cellulose is not connected with them. This is ketlalise

is the most effective at increasing the viscosity, due to its higher molecular weight as compared with the xylan.

Figure 4.19b shows that same relationship holds approximately as well for the relaxationfimeesitective
hydrodynamic radii for Tand & is found using Equation 4.6. The values of hydrodynamic radii for all the
xylan concentrations and all the temperaturess Toughly equal to or slightly higher than those found from

the T, analysis.

[Figure 4.19 near here]

Figure 4.20 shows the hydrodynamic radi; ; values of relaxation timeiTagainst xylan weight fractions
(1%, 3% and 5%), and is around 3A, the values of hydrodynamic radii of ions in high concentrati@msl10%
15% is around 2A. The values &, ; decreased with increasing xylan concentrations, because of the greate
increase of the macroscopic viscosity as compared to the microscopic viscosity that determines the rotatic
correlation times. In this analysis the hydrodynamic radius is quantifying this difference rbetivaeis

occurring macroscopically and microscopicaffy.
[Figure 4.20 near here]

4.4 Conclusion

NMR has been employed for the characterisation, through spectroscopy, diffusion and relaxation times, c
series of solutions of xylan and xylose in the ionic liquid [C2mim] [Oac]. In the xylose samples the
self—diffusion coefficients of the anions and cations were found to decrease with an increase iwengbte

fraction. The diffusion coefficients increased with increase in temperature, as expected. The ratio of t
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diffusion coefficient of anions to cations was less than 1 in all our samples. This is referrédnen@dous’’
diffusion, because the anion is geometrically smaller than the cation and so would be expected to diffuse fa
not slower than the cation. It has been suggested that this anion is diffusing as part of an aggrxghism

data were compared to published cellobiose*dttacompare and contrast the influence of each on the ions
The changes itH chemical resonance frequencies AS for protons in the presence of xylose is almost identical

to the chemical shift movements caused by cellobiose, which indicates that these carbohydrates have a
similar dissolving mechanism. The viscosity measurements and relaxation time data were used to measure
effective hydrodynamic radii, using the Stokes-Debye-Einstein relationship. The value of thayhgdric

radii of the ions was between 3.5 A to 4 A in the xylose solutions, which is quite close to the expected 2.5

Solutions of xylan in the ionic liquid [C2mim] [OAc] were examined and these results were compared wit
published data on solutions of cellulose in the same ionic liquid. The mobility of ions in xylan solution:
decreased with increasing concentration, due to the viscosity being increased by the pfesgaiceThe

ratio of the diffusion coefficient of anion to cation in the xylan mixtures is, as with the xylose and cellulos
mixtures, less than 1. The proton chemical shift analysis indicates that in the cellulose and xylan mixtures
dissolution mechanism is similar; in the case of xylan the cation and anion are though more equally affec
by the addition of this carbohydrate than they were by the addition of cellulose, which difteatsidn
resonance frequency preferentially more than the cation weight for weight.

The viscosity data was used with diffusion to measure the correction term f in the Stokes-Einstein equat
4.2, and was used with the NMR relaxation times to calculate the effective hydrodynamic radii for.the ion
In the xylan systemt was found that the correction term f reduced dramatically with the addition of xylan;

this is because of the decoupling between the macroscopic and microscopic viscosities, and in particular
role of entanglements in dramatically increasing the zero shear rate viscosity. The values of hydrodynar
radii of ions were calculated using Equation 4.7. The values found were between 3A and 2A in the xyl;

mixtures.

In all our systems the Stokes-Debye-Einstein equations worked remarkably well. It is only on the addition
a polymer (xylan / cellulose) above the critical overlap concentration that they begin to fail. Entatgleme

then form that are able to support stress that greatly increases the zero shear rate viscosity, but these stru
do not significantly affect the mobility of the ions, whisthere measured via the diffusion NMR and NMR

relaxation times.
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Figure Captions

Figure 4.1 The chemical structure of 1-ethyl-3-methylimidazolium acetate, cations [C2naimd] anion
[OAc]™ with the labelling of NMR resonance peaks (1-7).

Figure 4.2 The chemical structure of carbohydrates (a) cellulose (b) xylan (c) D-xylose and (d) cellobiose
Figure 4.3 Arrhenius plots for the diffusion coefficients of (a) anions [OAc] and (b) cations [C2mim], for
15% cellobiose and all xylose weight fraction. Solid lines represent linear fits to the dataoarhesiare
within the symbols used. [CB] means cellobiose.

Figure 4.4 The ratio of diffusion coefficients of anion to cation as a function of temperature for xylose anc
cellobiose. Solid lines correspond to linear fits and error bars are within the symbols sizes. [CB] mea
cellobiose.

Figure 4.5 The chemical shift of protons resonanaégppm) versus weight fraction of xylose and cellobiose

[CB] at 40 °C. Error bars are within the symbols sizes.

Figure 4.6 The logarithmic plots of the viscosity of pure [C2mim] [OAc] and 15% cellobiose and xylose in
IL [C2mim] [OACc] solutions versus inverse temperature. Lines are linear approximations. Error bars ai

within the size of the symbols used. [CB] means cell@bios

Figure 4.7 NMR diffusion coefficients of (a) cations and (b) anions against the ratio of temperature to thi
viscosity of pure IL [C2mim] [OAc] and 15% cellobiose and all xylose concentrations. Dashedrénes a
provided as visual guide and error bars are within the symbols sizes. [CB] means cefigiosd.8 The
correction term, f, of cations and anions as a function of weight fraction of xylose. The error bars are in the

same size of symbols used

Figure 4.9 NMR relaxation times and & as a function of temperature at 20 MHz, for all xylose
concentrations with 10% cellobiose. Error bars are within data size and the dashed lines to guidgCtiBg eye.

means cellobiose.

Figure 4.10 The relaxation timesiTand & dependence on the ratio of temperature to viscosity for 10%
cellobiose and xylose concentrations. Error bars are within data points. Dashed lines are provided as a vi

guide. [CB] means cellobiose.
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Figure 4.11 The experimental values (blue diamond) of effective hydrodynamic of radii as a function of the
weight fractions of xylose solutions calculatiegd Equation 4.2. The solid red line shows the hydrodynamic
radius of the averaged ions of pure IL [C2mim] [OAc] measured by using Equation 4.3. The errors are with
the size of data points. The solid blue line is a linear fit to the data poguise 4.12 The diffusion coefficients

of cations [C2mim] (a) and anion [OAc] (b) as a function of the inverse of temperature for 15% calalose
xylan concentrations. Dashed lines are linear fits to the data. C means celluldsguwad.13 Ratio of the
diffusion coefficient of the anion to the cation as a function of temperature. Solid lines correspoadr

fits. Error bars are within the symbols sizégure 4.14 The chemical shift of protons resonandéqppm)
versus weight fraction of xylan [X] and cellulose [C] at 40 °C. Error bars are within the Sysibes. The
lines are guides to eye.

Figure 4.15 Logarithmic plots of the viscosity of pure [C2mim] [OAc] and 15% cellulose and xylan in IL
[C2mim] [OACc] solutions versus inverse temperature. Lines are linear approximations. Error batsiare

the symbol sizes. [C] means cellulose dagure 4.16 NMR diffusion coefficient of anions (a) and cations
(b) against the ratio of temperature to the viscosity of pure IL [C2mim] [OAc] and 15% cellulose amaiall x
concentrations. Solid lines are provided as a visual guide and error bars are within the syedo]€]siz
means cellulose dakgure 4.17 The correction term f as a function of weight fraction of xylan. The solid

lines are provided as a visual guide. Error bars are within the symbol$-gjaes 4.18 Arrhenius plots for
relaxation times T (a) and % (b) against the inverse of temperature, for 15% cellulose and all xylan weight
fractions. Dashed lines represent straight line fits to the data, and error bars within the symbols sizes.
means cellulose datagure 4.19 The relaxation time [fldependence on the ratio of temperature to viscosity
for each xylan, (b) for a The error bars are within symbols sizes. The dotted lines are provided as visue
guide. [C] means cellulose ddtaggure 4.20 The experimental values (blue star) of effective hydrodynamic
of radii as a function of the weight fractions of xylan solutions calculated by Equation 4.2. Thgreefid

line shows the hydrodynamic radius of the averaged ions of pure IL [C2mim] [OAc] measured by usin
Equation 4.3. The error bars are within symbols sizes.
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