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ABSTRACT

The work presented in this thesis aims at developing a new separation process based
on the application of supported magnetic ionic liquid membranes, SMILMs, using mag-
netic ionic liquids, MILs. MILs have attracted growing interest due to their ability to
change their physicochemical characteristics when exposed to variable magnetic field
conditions. The magnetic responsive behavior of MILs is thus expected to contribute for
the development of more efficient separation processes, such as supported liquid mem-
branes, where MILs may be used as a selective carrier. Driven by the MILs behavior,
these membranes are expected to switch reversibly their permeability and selectivity by
in situ and non-invasive adjustment of the conditions (e.g. intensity, direction vector and

uniformity) of an external applied magnetic field.

The development of these magnetic responsive membrane processes were anticipated
by studies, performed along the first stage of this PhD work, aiming at getting a deep
knowledge on the influence of magnetic field on MILs properties. The influence of the
magnetic field on the molecular dynamics and structural rearrangement of MILs ionic
network was assessed through a 'H-NMR technique. Through the 'H-NMR relaxometry
analysis it was possible to estimate the self-diffusion profiles of two different model MILs,
[Aliquat][FeCly] and [Pggg14][FeCly]. A comparative analysis was established between
the behavior of magnetic and non-magnetic ionic liquids, MILs and ILs, to facilitate the
perception of the magnetic field impact on MILs properties. In contrast to ILs, MILs
show a specific relaxation mechanism, characterized by the magnetic dependence of their
self-diffusion coefficients. MILs self-diffusion coefficients increased in the presence of

magnetic field whereas ILs self-diffusion was not affected.

In order to understand the reasons underlying the magnetic dependence of MILs
self-diffusion, studies were performed to investigate the influence of the magnetic field
on MILs’ viscosity. It was observed that the MIL " s viscosity decreases with the increase
of the magnetic field, explaining the increase of MILs self-diffusion according to the

modified Stokes- Einstein equation.

Different gas and liquid transport studies were therefore performed aiming to deter-
mine the influence of the magnetic behavior of MILs on solute transport through SMILMs.

Gas permeation studies were performed using pure CO, and N, gas streams and air, using
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a series of phosphonium cation based MILs, containing different paramagnetic anions.
Transport studies were conducted in the presence and absence of magnetic field at a
maximum intensity of 1.5T. The results revealed that gas permeability increased in the
presence of the magnetic field, however, without affecting the membrane selectivity. The
increase of gas permeability through SMILMs was related to the decrease of the MILs
viscosity under magnetic field conditions.

Two distinct case studies were performed to evaluate the influence of magnetic field
in the transport of two model solutes, ibuprofen and a-pinene, in organic liquid phases,
dodecane and hexane. Transport studies in liquid phase were carried out using SMILMs
prepared by immobilization of imidazolium based MILs, which depicted good structural
stability when in contact with the selected organic phases. Identical to that observed
in gas transport studies, the magnetic field induced an increase of the permeability of
ibuprofen and a-pinene through the SMILMs tested. In this case, the increase of solute
permeability was not only ascribed to the magnetically induced decrease of MILs viscosity
but also to the increase of solutes solubility in MILs, promoted by the magnetic field.

This work demonstrates the possibility to modulate the physicochemical characteris-
tics of MILs, e.g. self-diffusion and viscosity, by non-invasive and in situ adjustment of
the magnetic field conditions. It was also shown that the magnetic modulation of such
variables impacts on the permeability of the SMILMs and on solute diffusion in gas and

liquid separations.

Keywords: Magnetic Ionic Liquids (MILs), Proton Nuclear Magnetic Resonance ('H-
NMR), Supported Magnetic Ionic Liquid Membranes (SMILMs), magnetic field, gas and
liquid transport.




REsumMmo

O trabalho apresentado nesta tese tem como objetivo o desenvolvimento de uma nova
geracgao de processos de separagao baseados na aplicagao de membranas liquidas suporta-
das, usando liquidos i6nicos magnéticos. Estes liquidos idonicos magnéticos tém merecido
um interesse crescente devido a sua capacidade em modificar reversivelmente as suas
propriedades fisico — quimicas quando sujeitos a presenca de um campo magnético. En-
quanto transportadores liquidos, integrantes de membranas liquidas suportadas, sera de
esperar que o seu comportamento magnético se possa traduzir na capacidade de modular
de modo nao-invasivo, a permeabilidade e o transporte seletivo de solutos através destas
membranas, por ajuste das condigoes (intensidade, dire¢ao do vetor magnético e unifor-
midade de campo) de um campo magnético externo. Como tal, poderao contribuir para o

desenvolvimento de processos de separacao mais eficientes de forma nao invasiva.

O desenvolvimento destes processos de separacao, baseados em membranas com pro-
priedades magnéticas, foi antecipado por estudos realizados numa primeira fase deste
trabalho de douramento, que tiveram como objetivo obter um conhecimento profundo
acerca da influéncia do campo magnético nas propriedades dos liquidos iénicos magnéti-
cos. O impacto do campo magnético na dinamica molecular e nos rearranjos estruturais
da rede iénica destes liquidos foi avaliado através da técnica 'H-NMR (Relaxagao Mag-
nética Nuclear de Protao). Esta técnica de analise de relaxometria permitiu estimar os
perfis de autodifusao de dois liquidos iénicos magnéticos modelo, [Aliquat][FeCly] e
[Psss14][FeCly] em fungao do campo magnético. Foi efetuada uma analise comparativa
entre o comportamento dos liquidos magnéticos e nao magnéticos, de modo a facilitar
a compreensao do impacto do campo magnético nas propriedades dos liquidos iénicos
magnéticos. Contrariamente aos liquidos nao magnéticos, os liquidos iénicos magnéticos
evidenciaram a presenga de um mecanismo especifico de relaxagado, caracterizado pela
dependéncia magnética dos seus coeficientes de autodifusao. Foi verificado que os coefi-
cientes de autodifusao destes liquidos aumentam na presenca de um campo magnético.

Contudo a autodifusao dos seus analogos nao magnéticos nao foi afetada.

De modo a compreender a dependéncia magnética dos coeficientes de autodifusao
destes liquidos ionicos, foram efetuados estudos para investigar a influéncia do campo

magnético na viscosidade dos mesmos. Verificou-se que a viscosidade destes liquidos
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magnéticos diminui com o aumento da intensidade do campo magnético, o que, em con-
cordancia com a equacao modificada de Stokes-Einstein, permitiu explicar o aumento da
autodifusao dos liquidos i6nicos.

Foram realizados estudos de transporte em meio gasoso e liquido com o objetivo de de-
terminar a influéncia do comportamento magnético dos liquidos i6nicos no transporte de
diferentes gases, CO,, N, e Ar, através de membranas liquidas suportadas. Estes estudos
de permeacao gasosa foram realizados usando diferentes membranas liquidas suportadas,
preparadas por imobilizacao de liquidos iénicos magnéticos distintos, compostos pelo ca-
tido fosfonio e diferentes anides paramagnéticos. Estes estudos de transporte foram feitos
na presenca e auséncia de campo magnético a uma intensidade maxima de 1.5Tesla. Os
resultados revelaram que a permeabilidade dos gases aumentou na presenca do campo
magnético, no entanto, sem efeito na seletividade da membrana liquida suportada. O
aumento de permeabilidade de solutos na presen¢a de campo magnético foi relacionada
com a diminui¢ao da viscosidade destes liquidos quando expostos ao efeito do campo
magnético.

Foram testados dois casos de estudo distintos para verificar a influéncia do campo
magnético no transporte de solutos presentes entre fases liquidas: transporte de ibupro-
feno e a-pineno, em meio organico de dodecano e hexano. Os estudos de transporte
foram realizados usando membranas liquidas suportadas com a incorporagao dos liqui-
dos i6nicos magnéticos com o catido imidazolium, as quais demonstraram possuir boa
estabilidade mediante o contacto com as fases organicas selecionadas. Identicamente ao
que foi observado no transporte de gases, o campo magnético induziu um aumento da
permeabilidade dos dois solutos, ibuprofeno e a-pineno através das membranas liquidas
suportadas testadas. Neste caso, 0o aumento da permeabilidade dos solutos nao foi apenas
atribuido a diminui¢ao da viscosidade dos liquidos i6nicos induzida pelo campo magné-
tico, mas também devido ao aumento da solubilidade dos solutos nos liquidos i6nicos
magnéticos, promovido pelo campo magnético aplicado.

Este trabalho demonstra a possibilidade de modular as propriedades fisico-quimicas
dos liquidos i6nicos magnéticos, tais como, autodifusao e viscosidade, de forma nao inva-
siva por ajuste das condi¢des do campo magnético. Foi também possivel mostrar que a
modula¢ao magnética destas variaveis tem impacto na permeabilidade das membranas

magnéticas liquidas suportadas e na difusao dos solutos em fase gasosa e liquida.

Palavras-chave: Liquidos I6nicos Magnéticos, Ressonancia Magnética Nuclear, Membra-
nas Liquidas Suportadas com liquidos iénicos magnéticos, campo magnético, transporte

em meio liquido e gasoso.
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Abbreviations

[Aliquat™]
[Aliquat][Cl]
[Aliquat][FeCl,]
B

BPP

Methyltrioctylammonium cation
Methyltrioctylammonium chloride
Methyltrioctylammonium tretrachloroferrate
Magnetic field,Tesla

Bloemberger, Purcel and Pound relaxation model

[C,,H,,N,0][GdCl,Br;]1-butyl-3-(3-hydroxy-2-methylpropyl)imidazolium hexabromidechlorogadolinium

[C,mim][FeCl,]
[Cgmim][FeCl,]
[C,mim]*
[CoCl,] 2
CMC

CR

DMSO
[FeCl,]~
[GdCl,]~?

GC

'H-NMR
'"H-NMRD

ICP

ILs

[MnCl,] 2
MILs

MPD

mVFET
n-bmim|[FeCl,]

[

[ I
[ JIC
[P66614]
[ ]
[ ]
[ ]

PM
PRE
PFG
PVDF
Rot
RTILs
SD
SLMs

1-butyl-3-methylimidazolium tetrachloroferrate

1-octyl-3-methylimidazolium tetrachloroferrate

Imidazolium cation

Cobalt tetrachloride

Critical Micellar concentration, mM

Cross relaxation contribution

Dimethyl sulfoxide

Iron tretrachlororide

Gadolinium hexachloride

Gas Chromatography

Proton Nuclear Magnetic Resonance Relaxometry

Proton Nuclear Magnetic Resonance Relaxometry Dispersion

Inductively coupled plasma

Ionic Liquids

Manganese tetrachloride

Magnetic Ionic Liquids

Mean percentage deviation

modified Vogel-Fulcher-Tamman equation

1-butyronitrile-3-methylimidazolium tetrachloroferrate

Trihexyl(tetradecyl)phosphonium cation

Trihexyl(tetradecyl)phosphonium chloride
(
(
(

Trihexyl(tetradecyl)phosphonium tretrachloromanganate

Trihexyl

Trihexyl(tetradecyl)phosphonium tretrachlorocobaltate

)
tetradecyl)phosphonium tretrachloroferrate

)

)
Trihexyl(tetradecyl)phosphonium hexachlorogadolinium
Paramagnetic relaxation contribution
Proton relaxation enhancement
Pulse field-gradient
Polyvinylidene fluoride
Molecular rotations/reorientations contribution
Room Temperature Ionic Liquids
Translational self-diffusion contribution

Supported liquid membranes
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SMILMs
VFT
ZFS

Variables

a,b and ¢
A and B
A* and B*
A~ and B~
At and Bt

dyand e

Supported Magnetic Ionic Liquid Membranes
Vogel-Fulcher-Tamman equation

Zero-field-splitting

Coefficients of density equation

Orrick-Erbar model parameters for the viscosity estimation
Normalized parameters of Orrick-Erbar model

Parameters of anion contribution for the viscosity estimation

Parameters of cation contribution for the viscosity estimation

Membrane area, cm?

Parameter related to the strength of interaction in cross relaxation, s

Parameter related to the strength of interactions in rotations/reorientations, s~

Parameters related with the strength of the interaction in rotations/reorientations

contribution, s—2

Quantity proportional to the molar concentration of

magnetized particles,[M], molL™!

Concentration of the paramagnetic particles, molL™!

Constant that depends on the MIL molar mass M,, and the molar volume V
to calculate the viscosity

Concentration in the feed phase, mol cm™3

Concentration in the stripping phase, mol cm™>

Molecular width, m

Diffusion Coefficient, m%s~!

Diffusion Coefficient at zero magnetic field, m?s™!

2 -1

Diffusion coefficient of the solute i in the impregnated liquid phase, m~ s~

Parameters of the accumulation equation

Gas partition coefficient

Flux of the solute in the feed phase, mol cm=2s!

Flux of the solute in the stripping phase, mol cm=2s7!

Overall mass transfer coefficient, cms™!

Mass transfer coefficient through the liquid phase impregnated in the support,cms™

Molar mass, gmol~!

Density of 'H spins, spins m™3

number of chains of the phosphonium cation
Avogadro constant, mol™!

Pressure in the permeate compartment, Pa
Pressure in the feed compartment, Pa

2 -1

Permeability, Barrer or cm*”s™
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P Pressure, MPa

TFeH Distance between the magnetic ions and the solvent DMSO molecules for
is relaxation contribution, A

r Relaxivity of the contrast agent, mM~!s7!

Tiegs Effective inter-spin distance, m

Ry Relaxation rate, s7!

REen Distance between the magnetic ions and the solvent DMSO molecules for
os relaxation contribution, A

Rot,Roty Molecular rotations/reorientations contribution

S Solubility

S1 Electronic spin

S¢ Sub component of electronic spin - time average spin

t Time, s

T Absolute temperature, K or °C

T Spin-lattice relaxation time, s

T, Spin-spin relaxation time, s

(Tl‘1 )is Relaxation rate of inner-sphere relaxation contribution, s~!

(Tl_l)oS Relaxation rate of outer-sphere relaxation contribution, s~!

% Molar volume, m3mol~! or A3

VE Volume of the feed phase, cm?

Vs Volume of the stripping phase, cm?

Y*and X* Normalized variables

(VC)aee Term for solute accumulation in the membrane, mol

m Mean-square jump distance, m

Greek Letters

aq Association degree

a and p Fitted parameters of the density correlation, A3 Kg~'!MPa and A3 K~'Kg~!

B1 Geometric factor, m™!

14 'H gyromagnetic ratio, MHz

Vs Electron’s gyromagnetic ratio, MHz

0 Gradient length, ms

01 Membrane thickness, m

A Delay between the gradients experiment, ms

A? Mean square fluctuations of the electronic zero-field-splitting
(ZFS) relaxation contribution, s>

€ Porosity of the membrane

n Viscosity, Pa.s or cP

Mo Viscosity at zero field, Pa.s
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A Wavelength, nm

%9 Proton Larmor frequency, Hz
Q spectral density function
T dimensionless analytical function depends on the average
time between diffusion jumps
P Density, gcm™>
w Proton angular Larmor frequency, Hz
1,7 Correlation times in rotations/reorientations contribution, s
TCRi Correlation time of the cross relaxation contribution, s
T4 Diffusion correlation time of paramagnetic contribution, s
T4 Diffusion translational correlation time of paramagnetic contribution, s
T4, Diffusion correlation time of paramagnetic contribution at zero magnetic field, s
p Diffusion correlation time of self-diffusion contribution, s
D, Diffusion correlation time of self-diffusion contribution at zero magnetic field, s
T Membrane tortuosity
TuH Correlation time for the is inner relaxation, s
TRot, Correlation time related with the rotations/reorientations, s
Ty Longitudinal electronic relaxation time, s
7,, and p; Parameters that explained the decay of viscosity with B
XmT Magnetic susceptibility, emu.K.mol~!
Subscripts
0 absence of magnetic field
B presence of magnetic field
cal calculated property (density and viscosity)
exp experimental(density and viscosity)
max maximum value of the variables
min minimum value of the variables
i initial conditions
f feed phase
s stripping phase
eq equilibrium

XVi



CONTENTS

List of Figures xxi
List of Tables xxiii
1 Introduction 1
1.1 Background and Motivation . . ... .. ... ... ............. 1

1.2 Researchstrategy . . . . ... ... ... ... .. ... 4

1.3 ThesisOutline . . . . . . ... ... 6

2 'H-NMR and viscometry studies of MILs and ILs 9
2.1 Summary . ... e 9
2.2 Introduction . . . . ... . ... 10

2.3 EBxperimental . . . ... ... oL 11
23,1 Materials . . . . ... 11

23.2 Methods . . ... ... ... ... 12

2.3.2.1 Viscosity measurements . . . . . ... ... ... ... 12

2.3.2.2 Nuclear Magnetic Resonance . . ... ........... 12

24 Results . . . . . . 13
2.5 Analysisand discussion . . . . .. ... ... L Lo oL 15
2.5.1 Theoreticalmodels . . ... ... ... ... .. ... .. .. ... 16

2.5.1.1 Translational self-diffusion . ... ... ... ....... 16

2.5.1.2 Rotations/reorientations . . . . . . ... ... ... ..., 16

2.5.1.3 Cross-relaxation . . ... ... ... ............ 16

2.5.1.4 Paramagneticrelaxation . . . . . ... ... ... ... .. 17

2.5.2 Model fits to the experimental results . . . . ... ... ... ... 17

2.6 Conclusions . . . . ... ... 23

3 !'H-NMR study of a MIL as a potential contrast agent 25
3.1 Summary . ... 25
3.2 Introduction . . . . . . .. . e 26
3.3 Experimental . . . . .. ... 28
3.3.1 Materials . . . .. ... 28

3.3.2 Methods . . ... ... ... ... 28



CONTENTS

4

6

3.4
3.5
3.6

3.3.2.1 'H-NMR@SSays . . . o o vt e
3.3.2.2 Viscosity measurements . . . . . . ... ... ...
Results . . . ... ... . .
Analysis and Discussion . . . ... ... ... .. oL

Conclusions . . . . . . . e e e e e e e e

A group contribution method for MILs viscosity

4.1
4.2
4.3

4.4
4.5

Summary . . . ...
Introduction . . . . . . . . . . ..
Experimental . . . . ... ... ... ... . o oo
4.3.1 Materialsand Methods . . . .. ... ... ... ...........
Results and Discussion . . . . . . .. .. .. .. . .

Conclusions . . . . . . e e e e e e

Permeability modulation of SMILMs

5.1
5.2
5.3

5.4

5.5

Summary . . . ...
Introduction . . . .. ... o o
Experimental . . . . ... ... ... ... L o o
53.1 Materials . . . . ... ...
5.3.1.1 Gas Permeation experiments in Supported Magnetic Ionic
Liquid Membranes (SMILMs) . . . . . ... ... ... ..
5.3.1.2 Experimental viscosity determination . . . .. ... ...
Results and Discussion . . . . .. .. ... ... ... ... ......
5.4.0.1 Permeability-viscosity data in the absence of a magnetic
field . ... ...
5.4.0.2 Separation performance of SMILMs in the presence of an
external magneticfield .. ... ... ... ... ...
5.4.0.3 Permeability dependence on magnetic susceptibility
5.4.0.4 Influence of the magnetic field on MILs viscosity and CO,
permeability of SMILMs . . . . . ... ... ... .....
5.4.0.5 Permeability-viscosity correlation in the presence of a mag-
neticfield . ... ... ... . o oL oo

Conclusions . . . . . . e e e e e e e e e e

Magnetic modulation of the transport in SMILMs

6.1
6.2
6.3

Summary . . . ...
Introduction . . . . .. ...
Experimental . . . . ... ... ... . o o
6.3.1 Materialsand Methods . . . . ... ... ... ... . ... ...
6.3.1.1 Magnetic Ionic Liquids (MILs) . .. ... .........
6.3.1.2 Model organic Solutes . . . ... ... ... ... ...

XVviii

28
29
29
31
37

39
39
40
41
41
41
51

53
53
54
55
55

55
57
57

57

58
60

61

61
63

65
65
66
67
67
67
68



CONTENTS

6.3.1.3 Preparation of Supported Magnetic Ionic Liquid Mem-
branes (SMILMs) . . . . . .. ... ... ... ... ..., 69
6.3.1.4 Transportstudies . . . . ... ... ... .......... 69
6.3.1.5 Analytical methods. . . . . ... ... ... ... 70
6.3.1.6  Viscosity Measurements . . . . . . ... ... ....... 71
6.4 Resultsand Discussion . . . ... .. ... ... ... ... .. ... 71
6.4.0.1 Transportresults . . . . ... ... ... .. ........ 71
6.4.0.2 Viscosityresults . . ... ... ... .. ... 76
6.5 Conclusions . ... ... ... ... .. 79
7 General Conclusions 81
8 Future Work 85
Bibliography 89
A Appendix - Supporting Information 99
A.0.1 Theoreticalmodels . . ... ... .. ... .. ... ..... 99
A.0.1.1 Translational self-diffusion . ... ... ... ... .... 99
A.0.1.2 Rotations/reorientations . . . . . ... ... ... ... .. 99
A.0.1.3 Cross-relaxation . ... .... .. ... . ....... 100
A.0.1.4 Paramagnetic relaxation induced by superparamagnetic
particles . . . . ... oo oo 100
A.0.1.5 Relaxivity Dispersion . . ... ... ............ 101
A.0.1.6 DMSO/FeCl; and DMSO/[Pggg14][FeCly] . . . . . . . .. 101

XiX






1.1

2.1
2.2

2.3

2.4

2.5

3.1

3.2

List OF FIGURES

Scheme description of the facilitated transport using a magnetic responsive

membrane in the presence and absence of a magnetic field. . . ... ... ..

Molecular structure of the [Aliquat] cation. . . . ... ... ... ... ....

Larmor dependence of the proton spin lattice relaxation rate R; for the studied
systems: non-magnetic ionic liquid [Aliquat][Cl], a) and MIL [Aliquat][Cl]/
[Aliquat][FeCly] 1% (v/v) mixture,b). . . . ... .. ... ... .. ... ...

Viscosity measured for the [Aliquat][Cl] and [Aliquat][Cl]/ [Aliquat][FeCl,]
systems. The solid line corresponds to the fit using eq. 2.9. Dashed curves
correspond to the extrapolated values of viscosity as a function of the magnetic
field estimated using alsoeq. 2.9. . . . ... ... ...

Experimental results and model fitting curves for the two spin-lattice relax-
ation rates as a function of frequency for the IL systems, as explained in the

teXt. . . e e e e e e e e e e e e e e e e e e

Viscosity [full and empty black circles] and translational self-diffusion [full
and empty black squares] measured for the [Aliquat][Cl] and [Aliquat][Cl]/
[Aliquat][FeCly] systems. The patterned squares (red and blue online only)
refer to the estimated diffusion values from the model fit of eq. 2.8, as ex-
plained in the text. Flat dashed curves correspond to the extrapolated values
of viscosity and diffusion as a function of the magnetic field. The dashed-
dot curve and the red (online only) patterned circle were obtained using
eq. 2.9. The self-diffusion coefficient measured at 7T and 14.1 T were fit-
ted together with the value at zero field obtained from NMRD. The phe-
nomenological magnetic field dependence of a; for both [Aliquat][Cl] and
[Aliquat][Cl]/[Aliquat][FeCly] are also plotted. . . . . ... ... ... ....

Molecular structure of the [Pggg14]* cation. The charge is localized at the

phosphorousatom. . . . . ... ... ...

Larmor frequency dependence of proton spin lattice relaxation rates for the
systems [Pgge14][Cl] and MIL [Pggg14][Cl]/[Pges14][FeCly] 1% (v/v) mixture:
Rlz, a) and Rlll b) .................................

poel

12

14

18

20

22

29



List or FIGURES

3.3

3.4

3.5

4.1

4.2

5.1

5.2
5.3

5.4

5.5
5.6

6.1

6.2

6.3

6.4
6.5

8.1

Experimental results and model fitting curves for the two spin-lattice relax-
ation rates as a function of frequency for the IL systems, as explained in the

text. . . e 33
Experimental results and model fitting curves for the relativity as a function

of frequency for the 10mM DMSO/[Pgg614][FeCly] system, as explained in the

text. . e 35
Experimental results of the DMSO spin-lattice relaxation as a function of
[Poes14][FeCly] concentration. Relaxivities were estimated for three selected
Larmor frequencies, as explained in the text. The arrow in the inset figure rep-
resent the concentration corresponding to the mixture [Pggg14][Cl]/[Psgg14][FeCly]
studied here. . . . . . . . L 36

Normalized viscosity fitted for all the MILs by Orrick-Erbar correlation using
Fitteia software. . . . . . . . . . . .. 46
Experimental and calculated dimensionless MILs viscosity results using Orrick-

Erbar correlation. . . . . . . . . . e e e 48

Experimental setup for CO, separation in the presence of an external magnetic

field.. . . . . . 57
Correlation for CO, permeability versus viscosity. . . ... ... ... ... .. 58
Upper bound correlation for CO, /N separation (1 Barrer = 107! cm?® (STP)cm cm ™2
sThemHg™ ) ... 60
Gas permeability behavior depending on MILs magnetic susceptibility. . .. 61
CO, permeability ratio (P(p)/P g)) at different magnetic field intensities. . . . 62
CO, permeability vs.MILs viscosity ratio . . . . . ... ... ... ....... 63

Experimental set-up showing the diffusion cell placed between the electro-
magnet poles during a transportstudy. . . . ... ... ... .0 0L 70
Normalized solute concentration profiles fitted along time in the stripping
phase for the a - pinene transport through SMIMLs with immobilized [Cgmim][FeCly]
and [Cymim|[FeCly] . . . . . . . . 74
Normalized solute concentration profiles fitted along time in the feed and
stripping phases for the ibuprofen transport through SMIMLs with immobi-

lized [C11H;N,O)3[GdCI3Brs] . . . .o o o oo oo 74
Ibuprofen normalized accumulation fittings curves along the time for the MIL 75
Normalized viscosity of pure MILs in the presence and absence of a magnetic

field with intensitiesupto2.0Tesla . . . . ... ... ... ... .. ...... 76

[Aliquat][FeCly] micelles solution (dark region) in equilibrium with D, O (clear
region): a) with magnetic field OFF and b) with magnetic field ON.. . . . . . 87

Xxii



2.1

2.2

2.3

3.1

3.2

3.3

4.1
4.2
4.3
4.4
4.5
4.6
4.7

4.8

List OF TABLES

IL physical parameters. The molar concentration of [Aliquat][FeCly] in the

[Aliquat][Cl]/[Aliquat][FeCly] mixture is 0.012mol/L. . . . . . .. ... ... 12
Viscosity and diffusion experimental results for the [Aliquat]|[Cl]/ [Aliquat][FeCl,]
1% (v/v) MIL (in parenthesis the values for the [Aliquat][CI]IL). . . . . . .. 15

Relaxation model parameters obtained for the best fit of eq. 2.8 to the R,
experimental results for the [Aliquat][Cl] and [Aliquat][Cl]/ [Aliquat]|[FeCly]
1% (v/v) IL systems, as explained in the text. The follow fitting parameters are
common for both IL systems: 7p, = (2.8+0.2)x10™%s,d ~7.3x1071%m, M ~
0.012mol/L, S ~370+10, n = 8x 1028 spins/m3, p1 ~2.4,and Ty, = 7% 10710g,
p»=~1.2,and 1,, ~9.3x1071%s,w,/(21) ~ 33MHz, and w,/(2m) ~18 MHz . . 19

Physical parameters of the ionic liquid systems used. The molar concentration

of [Pgee14][FeCly] in the [Pgge14][Cl]/[Poss14][FeCly] mixture is 0.014 mol/L. 29
Viscosity determined experimentally as a function of applied magnetic field

for the [Pggg14][Cl]/[Pess14][FeCly] 1% (v/v) solution (in parenthesis the values

for the [Pgge14][Cl] IL). The viscosity of DMSO/[Pggg14][FeCly] 1% (v/v) was
fipmso = 2.15 Pa.s, independent of the applied magnetic field. . .. ... .. 31
Relaxation model parameters obtained for the best fit of eq 3.1 to the R;
experimental results for the [Pggg14][Cl] and [Pgge14][Cl]/[Pgge14][FeCly] sys-
tems. The follow fitting parameters are common for both systems: 7p =
(1.46 + 0.06) x 10785, d ~ 7.3 x107'%m, M ~ 0.014mol/L, S| ~ 400, n = 7 x

10?8 spins/m3, p ~1.13,and 7, ~ 3.85x107'%s, w,/(27) ~ 33 MHz, and w,/(27) ~
20MHz ..o 34

Properties of the magnetic ionic liquids . . . . ... ... ... ... ..... 42

Experimental Viscosities and densities of the MILs at different temperatures 43

Fitted parameters for the prediction of the density of the studied MILs . .. 44
Absolute and normalized variables for MILs viscosity and temperature . .. 45
Group contribution to the dimensionless viscosity . . . ... ... ... ... 46

MILs viscosity, dimensionless viscosity Y* and group contribution descriptors 47
Group contribution parameters fitted by Orrick-Erbar correlation eq 4.2 for

the normalized viscosity and temperature of the MILs . . . . ... ... ... 48
Statistic parameters of the datasheet . . . . ... ... ... ... . ..... 49



List oF TABLES

4.9

Absolute values of the parameters of Orrick-Erbar correlation for viscosity of
the MILs . . ... ... ..

4.10 Comparison of the A and B parameters of Orrick-Erbar correlation for different

4.11

5.1
5.2

5.3

5.4
5.5

6.1
6.2

6.3
6.4
6.5

cationsof MILsand ILs . . . . . ... ... ... ... ... . ... ...
Comparison of the A and B parameters of Orrick-Erbar correlation for different
anionsof MILsand ILs . . . . . ... ... ... ... ... ... .....

Main properties of the Magnetic Ionic Liquids (MILs) studied. . .. ... ..

Literature data used for the permeability-viscosity correlation shown in Figure

Gas permeability (P) increase at 1.5 Tesla intensity magnetic field and gas
permeability ratio. . . . . . ... Lo o
MILs viscosity at different magnetic field intensities from 0 to 2 Tesla. . . . .

Gas permeability - viscosity product for the different SMILMs studied.

MILs properties . . . . . . . ...
K and P values resulting from the mathematical fittings for the two sets of
experiments for  -pinene . . . . ... ... L Lo Lo L oL

K and P values resulting from the mathematical fittings for the ibuprofen . .

Absolute viscosity results and percentage of reduction under a magnetic field.

Estimation of the D values using the Wilke Chang and Scheibel correlations

and solubility values calculated for each MIL and system . ... .. ... ..

XX1V

49

50

50

56

59

60
62
63

68
75
76
77

78



CHAPTER

INTRODUCTION

1.1 Background and Motivation

Membrane separations are attracting a significant attention due to their versatility and po-
tential application in different fields, such as: environment protection, energy, chemical
industry, biomedicine, food and pharmaceutical industry. Efficient separation processes
require membranes with high permselectivity and high chemical, mechanical and ther-
mal stability [1]. A key property, is the ability of the membrane to control the permeation
rate of chemical species. Over the years different strategies have been developed to design
new membranes and improve their properties, mainly, their permeability, selectivity and

stability, for a high performance in a broad range of fields [2].
Supported Liquid Membranes (SLMs), based processes have turned out to be an alter-

native technique to conventional membrane processes for the separation and isolation of
many different compounds in dilute streams [3, 4, 5, 6, 7]. SLMs offer the possibility of
achieving high separation factors, while allowing for a one step mass transfer using small
amounts of carrier (internal liquid phase). However, the main limitation of this kind of
membrane system is its low stability [8], which is due to volatilization and solubilization
of the carrier and loss into the adjacent phases during the process. This behavior impacts
in the membrane fluxes, permeability and selectivity, reducing the efficiency of these

membrane systems, limiting their implementation in large scale processes [7].

Different procedures have been followed and suggested as an attempt to circumvent
short-term membrane performances and enhance the mass transport: incorporation of
high stable liquid phases in supported liquid membranes [9], use of more suitable control
of processing conditions and new membrane surface modification strategies [10, 11].
Among them, membrane functionalization using stimuli-responsive materials [12, 13] is

one promising approach for the improvement of selectivity and permeability.
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CHAPTER 1. INTRODUCTION

The functionalization of materials with reversibly switchable physicochemical prop-
erties allows for the development of stimuli-responsive membranes capable to adjust
their properties to an external stimuli: temperature, pH, solution ionic strength, light,
electric and magnetic fields. An interesting fact that could be translated in an advantage
is that reversible changes may occur locally at a fast rate and with high selectivity. Some
strategies have been adopted to develop responsive membranes, according to their nature,
and with the type of the stimulus applied. Porous membranes are usually made stimuli
responsive, by grafting responsive polymer layers from the membrane external surface
and the pore walls. Non-porous membranes are generally made responsive by incorporat-
ing stimuli-responsive groups in the bulk of the membrane material. Stimuli-responsive
membranes characteristics are based on changes of conformation, polarity, solubility and
reactivity of the responsive materials, leading to reversible changes in the permeability
and selectivity of the membranes, influencing their ability to bind and release a target
compound. Modified responsive polymers have been used in many systems and devices
that require reversibly switchable material properties [14].

Magnetic responsive materials/particles have been studied due to their promising
unique features under an applied external magnetic field [15, 16, 17, 18]. Among the
responsive materials, Magnetic Ionic Liquids, MILs [19, 20, 21], are a specific class of
Ionic Liquids, ILs, which due to the presence of a paramagnetic component are able to re-
spond to the magnetic field, by changing their physicochemical properties. ILs, have been
recognized as an alternative to classic organic solvents, due to their unique properties.
These liquids are salt-like materials, usually composed by a large asymmetric organic
cation and an inorganic or organic anion. They present advantageous characteristics such
as, extremely low volatility, good thermal stability and capacity over a wide range of
temperatures 300-400 °C, good electric and ionic conductivity, have a reduced solubility
in various solvents, being non-flammable and reusable [22]. Moreover, ILs are versatile
solvents, which can be designed in order to meet the desirable characteristics by simple
combination of suitable cations and anions along their synthesis. All these properties
have motivated the selection of ILs as main components in different applications, namely
as selective separation media. In this way, they are regarded as alternative liquid carriers,
which may integrate the structure of SLM, conferring them improved stability, thus elim-
inating the problems of the solvent displacement by the evaporation that typically occur
in these membranes [22, 23, 24].

MILs have been recently applied in different areas, including, fluid-fluid separation,
extraction processes, catalytic reactions, polymer chemistry, electrochemical and medical
devices [25]. A variety of MILs under study, showed the influence of the magnetic field on
their properties (e.g. solubility in gas and liquid medium) [19, 20, 21]. A mixture of MIL
and water under magnetic field conditions, demonstrated an increase of the MIL solubil-
ity in water, in comparison with no magnetic field applied [19]. Moreover, the benzene
solubility increases in a MIL when applying a rotational magnetic field [21]. These evi-

dences motivated the present work for studying the modulation of MILs physicochemical
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properties under a magnetic stimuli, with a potential impact of their magnetic behavior
on the transport of solutes through SLMs.

The recovery or removal of a specific compound or contaminant, from a liquid or
gas stream, are important challenges in membrane technology, since it requires high
separation selectivity. SLMs have been designed with this purpose, namely for separa-
tion/capture of CO, and the recovery of added value compounds [26].

The different environmental problems posed by the high and prejudicial CO, emis-
sions and consequent amplification of greenhouse effect, have been discussed over the
years, in order to define solutions that may allow for an improved CO, capture from
gases mixtures with minimal impact to the economic feasibility of the processes. The
environmental problems involving CO,, due to the high and prejudicial emission, since
CO; acts has a trap for UVs rays, have been discussed over the years, in order to improve
the efficiency to capture and separate the CO, from gas mixtures and reduce the costs
associated with this process [27, 28, 29, 30]. The processes used for the capture of CO,
include: absorption, adsorption, cryogenic separation and membrane processes. Mem-
branes for gas separation, have been widely investigated in order to define an alternative
solution to absorption, adsorption cryogenic separation, with improved CO, removal ca-
pacity. Ideal membrane systems should exhibit high permeability and selectivity to CO,.
Also they should present enhanced chemical, mechanical and thermal stability at high
temperatures and pressures. In this respect, SLMs, have been intensive explored due to
the high diffusivity and solubility of gases through them, leading to higher permeability
values, when compared with dense membranes.

As for gas streams, the membranes systems using SLMs are intensively applied for
separation, purification and recovery of added value compounds contained in liquid
streams obtained from: metal ions from wastewater, amines in rainwater, sugars, amino
acids from aqueous solution, and some drugs from body fluid samples [3, 4, 5, 6, 7]. The
development of these membranes requires an enhancement of their permeability and
selectivity, through the selection of the suitable carrier used for a task specif application.

This PhD project aims at developing Supported Magnetic Ionic Liquid Membranes
(SMILMs) with tunable permeability and selectivity, profiting from the unique properties
of MILS. The design of SMILMs with good performance requires to understand the im-
pact of magnetic field on the MILs physicochemical properties, since they are expected to
rule the magnetic responsive ability of the SMILMs. Thus, the first objective of the work is
focused on the characterization of the physicochemical properties (solubility, rheological
behavior, solvation capacity) and structural characteristics of the MILs, and how they are
influenced by an uniform magnetic field. The magnetic influence on the ability of the
MILs to change reversibly their properties may be accessed through the establishment of
relationships between the structural characteristics of MILs and their physicochemical
properties (e.g. viscosity, solubility and self-diffusion). The second major objective is the
evaluation of the potential impact of MILs magnetic response on the transport solutes

through magnetic responsive membranes. These membranes are expected to allow for
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an in situ dynamic control of solute transport as described in Figure 1.1, contributing to
the enhancement of the separation processes efficiency under a magnetic field. The eval-
uation of membrane performance is based on SMILMs descriptors, such as: membrane

permeability and selectivity.

Magnetic Transport of Stage OFF % Transport of Stage ON
Ionic Liquid Without s With
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Figure 1.1: Scheme description of the facilitated transport using a magnetic responsive
membrane in the presence and absence of a magnetic field.

1.2 Research strategy

The work was carried out to evaluate the impact of an external magnetic field on the
intrinsic physicochemical and structural properties of MILs used as carriers, for the de-
velopment of SLMs with modulated transport properties.

The MILs [Aliquat][FeCly], [Pgss14][FeCly], [Pse14]2[CoCly], [Pss14]2[MnCly], [Poes14]s
[GdClg], [C4mim][FeCly], [Cgmim][FeCly] and [C;;H,;N,0]5[GdCl;Br3] composed by
paramagnetic anions with different magnetic susceptibility, like, [FeCly]~, [GdAClg]*~,
[CoCly]?~ and [MnCl4]?~ and comprising cations with different alkyl chains, such as qua-
ternary ammonium - [Aliquat]*, phosphonium - [Pggg14]" and imidazoliums — [C,,mim]*
were studied.

Characterization studies of the physicochemical properties of the MILs were con-
ducted in order to evaluate the ability to modulate intrinsic properties - viscosity and
molecular dynamics of the MILs when a magnetic stimulus is applied. Uniform magnetic
field was applied at intensities up to 2.5 T, using an electromagnet (GMW electromagnet
3473-70, GMW Associates, USA). The influence of the magnetic field on the molecular dy-
namics of MILs was investigated through 'H-NMR - proton nuclear magnetic resonance
relaxometry analysis. Based on the detection of proton mobility, this technique provided
information about the diffusion mechanisms which are related with the structure, motion
and orientation of the MILs molecules under magnetic field. The 'H-NMR relaxation
technique is described by the energy that is exchanged between the proton spins of the
hydrogen nuclei and the energy exchanged between the spin system and the surrounding

lattice [31]. The energy exchanged can be described by two different relaxation times:
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spin-lattice relaxation time: T; (exchange energy between spins of protons and the en-
vironment) and spin-spin relaxation time: T, (exchange energy between the spins of
the protons in the system). These relaxation times are obtained after the application of
the magnetic field by a radiofrequency irradiation in the sample, being the spins of the
protons polarized. Returning the spins system to the equilibrium, 'H-NMR electrical
signals are detected and the relaxation times are measured. The relaxation values of
T, were the main focus of this study, depending on the temperature, diffusion constant,

intermolecular distance and concentration of the magnetic anion.

The strategy adopted to follow this study involved the selection of to two different
magnetic ionic liquids systems, each one composed by the MIL and its non-magnetic
analogue. The model MILs were composed by the same anion, [FeCly]~, but different
cations having different alkyl chains with distinct lengths: [Aliquat]” and [Pggg14]*. Their
relaxation behavior and the impact on the self-diffusion of the two MIL systems over a
wide range of frequencies was determined and compared to the proton relaxation profiles
obtained for a pure solution of the non-magnetic ionic liquid. Furthermore, this technique
allows at inferring about the ability of MILs to undergo fast and reversible switch of
their intrinsic physical properties and consequently their capacity to promote modulated
separation processes. Magnetic induced molecular dynamics of the MILs were correlated
to the magnetic dependence exhibited by some intrinsic physicochemical properties of
MILs, such as viscosity and self-diffusion. It was used a modified Stokes-Einstein equation

to relate the viscosity and diffusion [32, 33].

After concluding about the impact of the magnetic field on the MILs behavior, the
second objective of this thesis was the development and characterization of new magnetic
membranes: supported magnetic ionic liquid membranes — SMILMs. The main objective
was to develop magnetic responsive membranes with high stability, able to switch their
permeability to specific solutes and membrane selectivity through a fine tuning of the
magnetic field conditions. Supported liquid membranes were prepared by immobiliza-
tion of MILs in the porous structure of a polymeric membrane, following an adequate
methodology which lead to an efficient pore filling and good membrane stability. Dif-
ferent transport case-studies were performed in gas and liquid media, using a diffusion
cell under different magnetic conditions. Transport studies in gas and liquid phases were
performed in the absence and presence of an external magnetic field. The performance of
SMILMs was evaluated taking into account the membrane permeability to target solutes,

separation selectivity and membrane stability as performance descriptors.

The impact of magnetic field on gas permeation was tested using three different gas
streams: CO,, N, and air. Transport studies in liquid phase were also conducted. In this
case, a-pinene, an apolar compound, and ibuprofen, with amphiphilic character were
selected as model compounds. The influence of the magnetic field on the permeability of

these compounds contained in organic feed solutions through SMILMs was evaluated.
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1.3 Thesis Outline

The present work is divided into eight chapters. Chapters 2, 3 and 4 describe the studies
dedicated to the physicochemical and structural characterization of the magnetic ionic
liquids under controlled magnetic field conditions, developed along the first part of the
PhD work.

Chapter 5 and 6 include the work developed in the second part of this thesis, about the
design and characterization of supported magnetic ionic liquid membranes incorporating
MILs as the liquid carrier. In particular, these chapters include studies which aimed to
understand the ability to modulate the permeability of different model solutes contained
in gas and liquid feed streams by adjustment of the magnetic field.

Chapter 5 is related with gas transport studies and Chapter 6 is dedicated to solute
transport in liquid phase. Each chapter defines clearly the objectives, starting with the
state of the art and motivation, followed by a detailed description of the experimental
methods used, with a specific analysis and interpretation of the results and the respective
conclusions. This PhD work has led, so far to the publication of four scientific papers,
referred in the ISI Web of Science which include the work described in the Chapters 2, 3,
4 and 5 and one additional paper submitted, containing the work presented in Chapter 6.

Chapter 1 presents the background, the motivation and the strategy used to accom-
plish the main goals of this thesis.

Chapter 2 and 3 include the description of the 'H-NMR relaxometry technique used
to characterize the self-diffusion mechanism of the MILs under magnetic field, with a
molecular interpretation of their behavior when distinct magnetic stimuli are applied.
It was explored the molecular dynamics of the MILs through the study of a relaxation
model with different contributions to explain the magnetic behavior, the translation and
rotation mechanisms and the self-diffusion contribution. This molecular interpretation
was related with the rheological behavior of the MILs, trying to obtain an explanation of
the response of MILs under the magnetic field.

Following the viscosity study of MILs, Chapter 4 is focused on the application of a
model based on the group contribution method in order to estimate the contribution of
the cationic and anionic counter-parts in MILs viscosity at different temperatures. This
study was developed using four different MILs containing distinct magnetic anions and
the same phosphonium cation. The chance of modeling the physicochemical properties
of MILs represents an advantage to the design of new MILs since it allows an a priori
selection of the most suitable combination of cations and anions, leading MILs with the
desired properties.

Chapter 5 and 6 describe the work about the development and the characterization
of the magnetic responsive supported liquid membranes and evaluate the possibility to
modulate the transport of solutes using these membranes. Chapter 5 is dedicated to gas
permeation studies using CO,, N, and air as model gas streams whereas Chapter 6 is

focused on the transport of a-pinene and ibuprofen between organic liquid solutions.
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Chapter 7, includes an overview of the main conclusions of the work. Chapter 8
describes suggestions of future work aiming at gathering additional studies which may
bring complementary information about the magnetic characterization of MILs. New
challenges concerning different uses of MILs as responsive materials are identified and
illustrated by a brief description of the results obtained in studies developed to conclude
about the potential use of MILs as magnetic surfactants/micelles.






CHAPTER

'H-NMR RELAXOMETRY, VISCOMETRY, AND PFG
NMR Stupies oF MILs aAND ILs

Published as: Carla 1. Daniel, Fabidn Vaca Chdvez, Gabriel Feio, Carla A.M. Portugal, Jodo G. Crespo, Pedro
J. Sebastido “'H-NMR Relaxometry, Viscometry, and PFG NMR Studies of Magnetic and Non-magnetic Ionic
Liquids”, Journal of Physical Chemistry B, 117 (2013) 11877-11884.

2.1 Summary

A study is presented of the molecular dynamics and of the viscosity in pure [Aliquat][Cl]
ionic liquid and in a mixture of [Aliquat][Cl] with 1% (v/v) of [Aliquat][FeCl,]. The
'H spin-lattice relaxation rate, R;, was measured by NMR relaxometry between 8 kHz
and 300 MHz. In addition, the translation self-diffusion, D, was measured by pulse
field gradient NMR. The ILs’ viscosity was measured as a function of an applied mag-
netic field, B, and it was found that IL mixture’s viscosity decreased with increasing B,
whereas the [Aliquat][Cl] viscosity is independent of B. All experimental results were ana-
lyzed taking into account the viscosity’s magnetic field dependence, assuming a modified
Stokes-Einstein diffusion/viscosity relation.

The main difference between the relaxation mechanisms responsible for Ry in the two
IL systems is related with the additional paramagnetic relaxation contribution associated
to the 'H spins — [FeCly] paramagnetic moments’ interactions. Cross-relaxation cusps
in the R; dispersion, associated with 3°Cl and 'H nuclear spins in the IL systems, were
detected. The R; model considered was successfully fitted to the experimental results
and it was possible to estimate the value of D at zero field in the case of the IL mixture
which was consistent with the values of D measured at 7 Tesla and 14.1 T and with the
magnetic field dependence estimated from the viscosity measurements. It was observed

that a small concentration of [Aliquat]|[FeCly] in the [Aliquat][Cl] was enough to produce
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a “super-paramagnetic”-like effect and to change the IL mixture’s molecular dynamics

and viscosity and to allow for their control with an external magnetic field.

2.2 Introduction

Ionic Liquids (ILs) belong to a class of liquids comprised by ions, recognized as novel
solvents. The ILs are liquid salts over a wide range of temperatures, usually lower than
100°C. In particular, those that are liquids at room temperature are designated Room
Temperature Ionic Liquids (RTILs). ILs have extreme low volatility and are thermal
stable, non-flammable and reusable. They have gained interest for various applications in
separation, electrochemistry, material science as well as in organic synthesis and catalysis,
and it is expected that they can contribute to reduce or eliminate the hazards associated
with the use of organic solvents. Depending on the application, ILs can be composed by
different cation — anion combinations, and for this reason are called by “designer solvents”
[22].

A new class of magnetic sensitive ionic liquids — magnetic ionic liquids (MILs) has
been recently synthesized and have gained interest due to their strong response to external
magnetic fields [19, 34, 35]. MILs are ionic liquids comprised by metal anion complexes
having physical properties such as: solubility, viscosity, surface tension and/or molecular
orientation that may be influenced by applied magnetic fields [19, 20, 34, 35]. Actually,
the magnetic field influence on the IL solubility was confirmed by the dependence found
between the concentration of MILs in binary water mixtures and the applied magnetic
field strength [19]. The potential applications of MILs that have been presented recently
include the development of magnetic fluids based on nanoparticles, the use of MILs in
transport and separation of different solutes, in catalysis, in extraction processes, and in
electrochromic devices [21, 36, 37, 38, 39, 40, 41].

The dependence between the magnetic field intensity and molecular orientation of
MILs also suggests that the magnetic field can be used to control the distribution of
charge density, solubility or capacity to solvate different chemical species within the ILs,
causing a significant impact in the solute transport through the IL media. For this, it is
important to acquire a better comprehension about the influence of the magnetic field on
the MILs magnetic behavior and how it should be tuned in order to get the adequate MILs
properties. Since the macroscopic properties of MILs are related with the microscopic
structure it is expected that the local magnetic structures play a key role in the MILs
response to magnetic fields [20].

The viscosity, 17, which is larger in ILs than that of most common organic solvents, is
one of the most important macroscopic properties of these materials. The ILs viscosity
depends essentially on the nature and combinations of cations and anions comprising
ILs structure. Since the viscosity is directly related with the relative diffusion of ionic

species comprising ILs network, self-diffusion, it is important to study the dependence
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of both physical properties with the magnetic field and to get a better knowledge about
their mutual relation in order to understand and optimize these systems for applications.

Nuclear Magnetic Resonance (NMR) is a well known experimental technique used
to study the molecular order and dynamics in different materials. In particular, the self-
diffusion coefficient, D, can be measured directly by pulse field-gradient (PFG) NMR
methods [31].

It was reported that for ionic liquids the viscosity and translational self-diffusion
relationship given by the Stokes-Einstein expression for conventional fluids is still valid
provided some corrections to the original expression are considered [32]. In particular,
molecular polar interactions also determine the D vs. 1 dependence [33].

In view of the fact that in MILs, the viscosity and the intrinsic diffusion of their ionic
component species can be affected by external magnetic fields, a coherent estimate of both
parameters requires the use of different experimental techniques to independently access
each one of them. In fact, viscosity measurements using classical capillary viscometers
can be made in the presence of magnetic fields up to 2 Tesla, however, D is mostly
measured directly by PFG NMR at much higher magnetic fields. Therefore, the D vs.
dependence for the same magnetic field requires the estimation of D at low magnetic
fields. As the spin-lattice relaxation time is sensitive to molecular motions, by using 'H
NMR relaxometry it is possible not only to characterize the system from the molecular
motions point of view but also to obtain the value of D at low magnetic fields.

The aim of this work is to study the influence of external magnetic fields on the
molecular dynamics and on the viscosity of [Aliquat][Cl] and on a mixture [Aliquat][Cl]/
[Aliquat][FeCly]. Viscosity measurements as a function of the magnetic field and proton
spin-lattice relaxation measurements for the frequency range 10 kHz - 300MHz ('H-
NMRD) were complemented by direct measurements of the self-diffusion coefficient by
PFG NMR at magnetic fields of 7 Tesla and 14.1 T.

2.3 Experimental

2.3.1 Materials

The ILs selected for this study were the non-magnetic [Aliquat][Cl] and its magnetic
analogue [Aliquat][FeCly], where the [Cl] anions are substituted by iron anions [FeCly].
The IL and MIL were synthesized at the Faculdade de Farmacia, Universidade de Lisboa,
according to the experimental procedure reported in literature [36, 39]. Their molecular
weight, density, water content and concentration of magnetic particles, at room tem-
perature, are listed in Table 2.1. The ILs density was determined gravimetrically with a
pycnometer, the water content was measured by thermogravimetry, and the concentration
of magnetic particles by Inductively coupled plasma (ICP). Two samples were prepared:
a sample of [Aliquat][Cl] and a mixture of [Aliquat]|[Cl]/[Aliquat][FeCly] 1% (v/v). The
molecular structure of the Aliquat cation is presented in the Figure 2.1.
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Figure 2.1: Molecular structure of the [Aliquat] cation.
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Table 2.1: IL physical parameters. The molar concentration of [Aliquat][FeCl,] in the
[Aliquat][Cl]/[Aliquat][FeCl,] mixture is 0.012 mol/L.

IL Molecular Weight (gmol™') Density (gcm™3) Water Content (% wt)
[Aliquat][Cl] 404.16 0.88 5.8
[Aliquat][Cl]/
[Aliquat][FeCl,] 405.8 1.03 5.5

2.3.2 Methods
2.3.2.1 Viscosity measurements

The viscosity of the two IL systems was measured by capillary viscometry following
the procedure reported in the literature [42]. The capillar used was manufactured and
calibrated by Cannon - Instrument Company. The influence of an external magnetic
field on the MIL viscosity was evaluated using a glass capillary viscometer Ubbelohde
Viscometer — 3C and a GMW Dipole Electromagnet 3473-70 with a 75 mm poles gap by
GMW Associates, USA.

The measurements were carried out with a capillar viscometer placed between the
electromagnet poles. The viscosity was measured for magnetic fields between 0 and 2
Tesla. In order to decrease the experimental uncertainty, averages of six measurements
were obtained with deviations from the mean smaller than +0.2% at a room temperature
of 22°C.

2.3.2.2 Nuclear Magnetic Resonance

The proton spin-lattice relaxation rate, R{(=1/T;), was measured as a function of the
Larmor frequency, vy =yB/(2m), on the range 10 kHz to 300 MHz, using three different
NMR equipments. In the range 10 kHz — 8.9 MHz the data were obtained with a home
developed fast field-cycling (FFC) spectrometer [43] operating with a polarization and
detection fields of 0.215 T and a switching time less than 3 ms. Between 10 and 91
MHz a variable-field iron-core magnet equipped with a Bruker Avance II console was

used. Bruker Avance II spectrometers were used for the self-diffusion and spin-lattice
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relaxation measurements at 300 MHz. For frequencies above 10MHz R; was measured
using the inversion recovery ((7),—7—(%5)y,—x— Acq) sequence. All R; measurements were
performed at 22 °C and the experimental error for the each Ry was +10%.

The diffusion coefficient, D, was measured using the stimulated spin-echo sequence
[44] and a Bruker Diff 30 gradient unit at 7 T and a Bruker TCI CryoProbe at 14.1 T. D
was obtained from the echo decay according to

I=1,exp[-y?g*6’D(A-3)] (2.1)

where y is the 'H gyromagnetic ratio, g is the gradient strength, ¢ is the gradient length,
and A is the delay between the gradients experiment. The values 6 = 2 ms and A = 50 ms
for the measurements at 7 T and 6 = 6 ms and A = 500 ms in the case of 14.1 T were used.

2.4 Results

The 'H-NMR relaxometry results are represented in the Figure 2.2 for the two IL systems.
Obviously the 'H NMR signal comes only from the cations since the anions do not contain
protons. The proton spin-lattice relaxation rate is presented, in a log-log scale, as a
function of the Larmor frequency in the range 10 kHz - 300 MHz.

For both samples, a bi-exponential decay of the time recovery of the longitudinal mag-
netization was observed, with two relaxation rates R;; = Tfl1 and Ry, = szl, in the whole
frequency range. The two relaxation rates, R;; and Ry, were attributed to the CH3 and
CH, groups in the aliphatic chains, respectively. This assumption is reasonable in view
of the fact that the interdigitation of aliphatic chains of different [Aliquat] cations might
reduce significantly the mobility of the ethyl groups in comparison with the terminal
methyl groups. The weighting factor for each component was fixed depending on the
corresponding number of protons.

In the case of the [Aliquat][Cl], the two relaxation rates are very close at high frequen-
cies and quite different at low frequencies. In view of the log-log scale used to represent
the data in Figure 2.2a) it is clear that Ry is not simply proportional to Ry,, but is the
result of a different combination of relaxation contributions. In Figure 2.2a), an enhance-
ment on the proton relaxation rate can be also observed at frequencies around 20 and
30 MHz. This behavior was consistently observed for both IL systems and can not be
associated with an increased scattering of data at these frequencies. In fact, it can be inter-
preted in terms of a cross-relaxation process between the 'H and the 3°Cl spins systems
[45].

In the case of the [Aliquat][Cl]/[Aliquat][FeCly] system it is clear that for frequencies
above 9 MHz the increase of Ry with frequency is more pronounced than that observed
for the [Aliquat][Cl] IL, meaning that, for this system, the spin-lattice relaxation is af-
fected by additional relaxation mechanisms. The broad frequency peak observed in the

relaxation rate (see Figure 2.2b) is similar to the ones reported for systems of aqueous
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Figure 2.2: Larmor dependence of the proton spin lattice relaxation rate R; for the
studied systems: non-magnetic ionic liquid [Aliquat][Cl], a) and MIL [Aliquat][Cl]/
[Aliquat][FeCl,] 1% (v/v) mixture, b).

colloidal suspensions of super-paramagnetic particles. In systems of this type, the relax-
ation is induced by the local magnetic field gradient associated with the presence of the
paramagnetic species and is called Curie relaxation [46]. This relaxation process becomes
quite important in the high frequency range. The relaxation profiles presented here for
the magnetic ionic liquid are consistent with those reported by Roch et al. in a suspension
of magnetic particles [47].

The additional increase of R; at specific Larmor frequencies in the range 20-30 MHz
is also observed in the MIL system.

In Table 2.2 are presented the values measured for the viscosity, 77, and the diffusion
coefficients for the two IL systems. For sake of simplicity, the values for the [Aliquat][Cl]
are presented in parentheses. Due to experimental constraints it was not possible to
measure the viscosity for magnetic fields above 2 T. In addition, it was not possible to
measure the diffusion coefficient magnetic fields below 7 T. It is interesting to note that 7

decreases with increasing magnetic field for the MIL system. As expected the viscosity of
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[Aliquat][Cl] does not change with the applied magnetic field. The viscosities of both IL
systems at the earth magnetic field are similar.

Table 2.2: Viscosity and diffusion experimental results for the [Aliquat][Cl]/
[Aliquat][FeCly] 1% (v/v) MIL (in parenthesis the values for the [Aliquat][Cl] IL).

B(T) 1 (Pa.s) D (107 12m?s71)
~45x107% 1.26 (1.33) -
0.47 1.24 (1.33) -
1 1.22 (1.33) -
1.3 1.20 (1.33) =
1.8 1.17 (1.33) -
7 - 3.0 (1.3)
14.1 - 4.7

2.5 Analysis and discussion

It is known that the frequency dependence of the proton nuclear magnetic spin-lattice
relaxation rate is related with different molecular dynamic processes, such as rotational
and translational diffusional mechanisms in isotropic fluids, and also with slow molecular
motions in the case of mesomorphic materials [48, 49, 50]. In the case of isotropic fluids,
rotations/reorientations of the molecules and translational self-diffusion are the motions
that effectively modulate the dipolar spin interactions in the frequency range accessible by
NMR. In particular, translational diffusion can become more important than molecular
rotations/reorientations in the case of viscous fluids. In this case, the correlation times
of the translational diffusion processes become larger that the correlation times of the
rotational motions. This difference can be noticed in the R; dispersion, since at high
frequencies R; is influenced more by the faster motions and at low frequencies R; is more
sensitive to slow motions.

The 'H-NMR R; dispersions observed for the studied IL systems are dominated
mainly by the relaxation mechanisms associated with the motions of the protonated
cations, rotations/reorientations and translational diffusion. Due to the presence of Cl in
the IL anions, cross relaxation between 'H and 33Cl might also be detected. In the case of
magnetic ionic liquid the [FeCl,]~ anions might influence the proton spin-lattice relax-
ation through the coupling between the 'H nuclear spin moment and the paramagnetic
anions’ magnetic moment. A contribution associated with this specific relaxation pro-
cesses was detected in the high frequency range, as it was observed for aqueous colloidal

suspensions of paramagnetic particles [47].
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2.5.1 Theoretical models
2.5.1.1 Translational self-diffusion

In the case of isotropic liquids or isotropic phases of liquid crystal compounds, the con-
tribution of translational self-diffusion (SD) to the relaxation can be expressed by the

Torrey’s model [51] with:

(i) - cd’%’[f(m,g) + 4T Qwp)], (2.2)
SD

where w = 2rvy, C;=(1/2)(3pugy*h/(87))? is the strength of the dipolar interaction and
T (wtp) is a dimensionless analytical function that depends on the average time between
diffusion jumps 7p, the mean-square jump distance <r2>, and the molecular width d. tp
is related with the self-diffusion constant D by the relation <r2> = 671pD. nis the density
of 'H spins.

2.5.1.2 Rotations/reorientations

Molecular rotations/reorientations (Rot) may be characterized by one or more correlation
times according to the number of independent rotational axes considered to describe this
motion. Usually, rotations along the molecular long axis and rotations/reorientations
along a molecular transverse axis have different correlations times and the most simple
model used to describe this relaxation process is given a Rot;+Rot,, where Rot; is given

by the Bloemberger, Purcel and Pound (BPP) relaxation model:

TRDt,' 4TR0tl‘
2,2 2.2
1+w TRot, 1+4w TRot,

(2.3)

1 )
T = AROt,‘
( Tl ROt,‘

with Agey, = 9y374h2/(128n2r2ff) where r; s an effective inter-spin distance [52] and

TRot, 18 the correlation time related with the rotations/reorientations.

2.5.1.3 Cross-relaxation

35Cl has nuclear spin 3/2 and cross-relaxation CR between the proton spins and 3>Cl
nuclear spins can occur. Cross-relaxation has indeed been observed between proton spins
and nitrogen and also between proton spins and 3°Cl spins[45, 53, 54]. Cross-relaxation
may become significant when the proton’s Larmor frequency is close to each one of the

quadrupole frequencies of the other nucleus. The relaxation rate can be expressed by [53]

1 TCRi
(?) = Acri B (2.4)
1/cri 1 +(w—w;)” Tégi

where w;, with i = 1,2,..., are the frequencies that correspond to the 3°Cl spin energy

levels and Acg; are parameters related with the strength of the interaction and 7¢p; is the

correlation time of the cross relaxation contribution at different frequencies.
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2.5.1.4 Paramagnetic relaxation

Proton spin-lattice relaxation can be affected by the presence of magnetic ions in two
ways: i) the so-called inner-sphere relaxation, which occurs when relaxing protons bind
temporarily to ions or ion complexes, and ii) the outer-sphere relaxation, which applies
to protons that do not bind but move or diffuse close to magnetic ions or particles [55].
This paramagnetic relaxation PM mechanism is here described using the outer-sphere

approach whose relaxation equation is:

1
(—) = 6Tdc{SC2j1(a), T4, Tg —> 00)+
T o

(2.5)

x .
[51(51 +1)-S, COth - 53]]1(60; Td’Ts)}

where S; is the electronic spin along the applied magnetic field and c is a quantity pro-
portional to the molar concentration of magnetized particles, [M]. r is the distance of
closest approach between the anion and the protonated cation, 7, :<r2>/D, D is the diffu-
sion time constant, 7, is the longitudinal electronic relaxation time and w is the proton
Larmor frequency. S, is given by

251+1
= —-1t

S, anh! ((231 + 1)3)— %tanh—l(ﬂ) (2.6)

wy w,

where w, = 2ykT/(hys) and s is the electron’s gyromagnetic ratio. The corresponding

spectral density for outer-sphere relaxation is [55]

1+QY2/4
1+QV24+40/9+Q3%2/9

lw,74,75) = Re{ (2.7)

where Q = (iw + 1/74)1y.

2.5.2 Model fits to the experimental results

The model used to analyze the R; experimental results can be expressed by a sum of
different contributions: rotations/reorientation, self-diffusion, cross-relaxation, and para-

magnetic relaxation, depending on the IL system:

Ry(vy) = RiP(vp) + [Ry™ (vp) + Ry (vp) |+ RER (vp) + [RPM (vp) (2.8)

MIL

This model assumes that the relaxation mechanisms are statistically independent, as is
often the case [48, 49]. When fitting eq. 2.8 to the experimental results it was considered
that M ~ 1.2 x 1072 mol/L, estimated by ICP and n ~ 8 x 10?8 spins/m3 , estimated from
the values of Table 2.1. d, tp, 1, 14, T5, T1,T2, ARot,»ARot,» and a pair of Tcg;, Acg; for each
cross-relaxation cusp in the R; dispersion, were considered free fitting parameters.

Since for the [Aliquat][Cl]/[Aliquat][FeCly] system the viscosity depends on the mag-

netic field, as observed in Table 2.2, the diffusion coefficient is expect to be also field
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Figure 2.3: Viscosity measured for the [Aliquat][Cl] and [Aliquat][Cl]/ [Aliquat][FeCl,]
systems. The solid line corresponds to the fit using eq. 2.9. Dashed curves correspond to
the extrapolated values of viscosity as a function of the magnetic field estimated using
also eq. 2.9.

dependent. Therefore, 7; = <r2>/(D) is also field dependent. In order to include this field
dependence on the theoretical R; model, it is convenient to have an analytical interpolat-
ing equation.

In Figure 2.3 are presented the viscosity values of Table 2.2 as a function of the
magnetic field for the two ILs. # is independent of the B in the case of [Aliquat][Cl] .
In view of the field dependence of # for the [Aliquat][Cl]|/[Aliquat][FeCl,] system, the
empirical model

_ "o
=14 (yBty, )P (2.9)

was considered to fit the available experimental results. 7 is the viscosity at zero field
and 7,, and p; are the parameters that explained the decay of viscosity with B. Values of
Mo =1.26Pa.s, T, ~7x% 107105, and p1 = 2.4 were determined.

The viscosity and self-diffusion coefficients are commonly related by the Stokes-Einstein
equation. In the case of ionic liquids, it was found that this equation can be expressed as
(32, 33]

Tya

p=c—1 (2.10)
1

where C=7.48x10"8ML/%/ V06 depends on the MIL molar mass M, and the molar volume
V. @y is an association degree often considered when relating the viscosity and diffusion
in polar liquids. Assuming that a; might depend on the magnetic field and combining

egs. 2.9 and 2.10 we consider here that
D = Dy[1 + (yBrt,,)"*] (2.11)
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where D, is the diffusion coefficient at zero magnetic field. Since v; = yB/(2m) it is
possible to include the field dependence of D in the relaxation model of eq. 2.8.

Also, the model fitting parameters 7; and 7p must be expressed in terms of Dy, p,,
and t,,: ©p=1p,/[1 + (yB1,,)P?] and 14=14,/[1 + (¥ BT,,)P?]

In view of the fact that the measured spin-lattice relaxation rate reflects the molecular
dynamics of the IL cations, some of the physical parameters considered in the relaxation
model of eq. 2.8 must be the same for both IL studied. Therefore, eq. 2.8 was fitted
simultaneously to all experimental relaxation results using a non-linear least-square min-
imization procedure [56, 57], with a global minimum target. In this procedure the values
of the self-diffusion coefficients were also taken into account in order to obtain the values
of 7,, and p,. The fitting parameters obtained for the best fit of eq. 2.8 to the experimental
results are presented in Table 2.3.

Table 2.3: Relaxation model parameters obtained for the best fit of eq. 2.8 to the R,
experimental results for the [Aliquat][Cl] and [Aliquat][Cl]/ [Aliquat][FeCly] 1% (v/v) IL
systems, as explained in the text The follow fitting parameters are common for both IL
systems: Tp, (2 8+0.2) x 107%s,d ~7.3x1071%n, M ~ 0.012mol/L, S1~370+10,n=
8x 10?8 spins/m>, py ~ 2.4, and 7,, ~7x1071%s, p, ~1.2,and 1,, ~ 9.3x 107105, /(27) =~
33MHz, and w,/(21) ~ 18 MHz

[Aliquat][Cl]/
[Aliquat][Cl] [Aliquat][FeCly]
CH, CH; CH, CH;
VEY10709m) | 1.3+0.2 1.9+£0.2 1.3£0.2 1.9+0.2
74, (107%5) - 25+0.2 2.8+0.2
7,(107105) = 1.3+0.1
Apot, (10°s72) | 3.0£0.3 2.7£0.2 3.0£0.3 2.7+0.2
7, (107105) 49+0.5 24+0.4 49+05 24+0.4
ARot, (10%572) | 0.4£0.1 - 0.4+0.1 =
T2(10‘85) 3.2+0.2 - 3.2+0.2 -
Acri (107 2.5+0.5 -
tcr1 (1077s) [ 3.941.0 1.9+0.3 -
ACR2(108 2y 126+02 ~02 -
Tcr2 (1078s) [ 9.2+1.1 ~80 -

In Figure 2.4 are presented the best model fitting curves to the experimental spin-

lattice relaxation results.

It is clear that for [Aliquat][Cl] the R; dispersion is well explained by the proposed
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Figure 2.4: Experimental results and model fitting curves for the two spin-lattice relax-
ation rates as a function of frequency for the IL systems, as explained in the text.

relaxation model used. The R;; dispersion in Figure 2.4a) is mainly described by a relax-
ation contribution with a short correlation time associated with rotations/reorientations
of the [Aliquat][Cl] cations for frequencies above 10 MHz and by the translational self-
diffusion relaxation contribution at lower frequencies. Clearly, the sharp cusps observed
in the 10-40 MHz range are explained by the localized relaxation processes associated
with the cross-relaxation mechanism between the 'H and 3>Cl nuclear spins.

The same basic relaxation features are present in the [Aliquat|[Cl] R;, dispersion fit
of Figure 2.4c). The main difference is the inclusion of a second rotations/reorientations
contribution (Rot2) with a much large correlation time than that of (Rot1). These features
are compatible with the original assignment of Ry; and R;, with the CH; and CH, cation
groups, as it is reasonable to assume that the former groups can rotate faster that the
latter ones. In fact, the interdigitation of the cations’ chains might hinder conformational
changes and restrict the CH, motions.

Also, the CH, group motions might reflect overall molecular motions, necessarily
slower than the motions of the methyl groups. It is also interesting to note that the mean-

square jump distance associated to the translational displacements is small for both R;;
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and Ry,, but it is larger in the case of the CH; groups. The translational diffusion seems
to be an almost continuous process in both cases, but it reflects an additional mobility of
the chains end groups. The cross-relaxation process between 'H and 3°Cl nuclear spins
is also localized in the frequency range 10-40 MHz but the Ry, cusps are worst resolved
that in the case of Ry;. From this point of view it is possible to assume that R;; has an
important contribution from the 'H spins of the methyl group bonded to the nitrogen
that are perhaps more spatially correlated with the >*Cl spins in the anions.

The main difference between the R; model fits of [Aliquat][Cl] and [Aliquat][Cl]/
[Aliquat][FeCly] observed in Figure 2.4 is the notable presence of the paramagnetic relax-
ation mechanism dominant in the high frequency region. This relaxation mechanism is
characterized by the existence of a maximum relaxation rate in the frequency region above
1 MHz. It was possible to fit Ry; for both [Aliquat][Cl] and [Aliquat][Cl]/[Aliquat][FeCl,]
using the same Rot1, Rot2, and CR relaxation contributions. However, the translational
self-diffusion presented slightly different contributions in the two IL systems. It is clear
that the cross-relaxation is masked by the strong dominating PM contribution. Neverthe-
less, this contribution was also considered in the [Aliquat][Cl]/[Aliquat][FeCly] model
fit to the R;; and R;, experimental results. Therefore, the effect of local order changes
due to the presence of magnetic anions is detected mainly in the cations’ self-diffusion,
in comparison with dynamics in the [Aliquat][Cl].

One important aspect of the model fit analysis is the fact that the SD contribution
to the relaxation rate is approximated by R;(v;) ~ v for frequencies above 2 MHz
and becomes negligible for frequencies above 10 MHz in comparison with the dominant
contributions of the other relaxation mechanisms. Therefore, the magnetic field effect on
the [Aliquat][Cl]/[Aliquat][FeCly] viscosity and consequently on the diffusion coefficient
is not important for the SD relaxation contribution for frequencies above 2 MHz. For
lower frequencies the magnetic field effect on D is expected to be small in view of the
small effect on the measured viscosity in the range 0-0.5 T (i. e. between 0-20 MHz), as it
can be observed in Figure 2.3.

It is interesting to observe that from the values of Ay, it is possible to estimate the
two values of r.¢f, ropf1 =~ 2.5% 10719 associated with a correlation time 7; of the order
of 10719 s and Tepf2 = 3.4 % 10719 associated with a correlation time 7, of the order of
1078 s and present only in the analysis of the spin-lattice relaxation rate associated with
the CH, [Aliquat] chain protons. 7, might therefore be related with rotations/reorienta-
tions involving the [Aliquat] chains as a whole, since 7,¢f; is larger than 7. ¢y, which is
associated to the faster moving CHj groups.

The value of the paramagnetic spin S; obtained from the model fit, presented in Table
2.3, is considerable larger than the value of the [FeCl,] anion spin S; = 5/2 associated to
the Fe>* ion [46]. Large values of S; (S; > 25) are usually associated to super-paramagnetic
particles, with dimensions much larger than ~ 5 nm. The spin-lattice relaxation rate dis-
persions obtained for the [Aliquat][Cl]/[Aliquat][FeCly] system are similar to the ones
observed for aqueous solutions of super paramagnetic particles in what concerns the

21
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broad peak in the high frequency region [47]. Therefore, it is reasonable to conclude that
the collective alignment process of the paramagnetic spins, associated with the super-
paramagnetic spin’s concept, is also observed in the [Aliquat][Cl]/[Aliquat][FeCly] sys-
tem. Indeed, domains formed by the ensemble of [Aliquat][Cl]/[Aliquat]|[FeCly] iron
anions, required to produce a super-paramagnetic spin S; =~ 370, might exist and in-
fluence the cations’ 'H spin-lattice relaxation including those within these regions. In
the [Aliquat][Cl]/[Aliquat][FeCly] system, we found that the process of paramagnetic re-
laxation depends only the value of S;, in contrast with the paramagnetic relaxation in
aqueous solutions of super-paramagnetic particles where both the radius of the particles
and S; are important [47].

The large effective paramagnetic spin estimated might also be associated with the
noticeable viscosity’s magnetic field dependence observed for the MIL mixture system.
The decrease of viscosity with increasing magnetic field might be a consequence of the
interaction between the magnetic field and the delocalized charge in the [FeCly] anion,

which might weaken the average ionic interaction, thus favoring the molecular diffusion.
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Figure 2.5: Viscosity [full and empty black circles] and translational self-diffusion
[full and empty black squares] measured for the [Aliquat][Cl] and [Aliquat][Cl]/
[Aliquat][FeCly] systems. The patterned squares (red and blue online only) refer to the es-
timated diffusion values from the model fit of eq. 2.8, as explained in the text. Flat dashed
curves correspond to the extrapolated values of viscosity and diffusion as a function of
the magnetic field. The dashed-dot curve and the red (online only) patterned circle were
obtained using eq. 2.9. The self-diffusion coefficient measured at 7T and 14.1 T were
fitted together with the value at zero field obtained from NMRD. The phenomenological
magnetic field dependence of a; for both [Aliquat][Cl] and [Aliquat][Cl]/[Aliquat]|[FeCl]
are also plotted.

From the values of the tp and 7, in Table 2.3 it is possible to estimate the values of Dy
for the IL systems using the expressions 1p, = <r2>/(6D0) and 74, = <r2>/(D0), respectively.
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The values Dy = (1.6+0.5)x 10712 m?s™! and Dy = (1.0+0.3)x 10712 m?s~! corresponding to
[Aliquat][Cl] and [Aliquat][Cl]/[Aliquat][FeCly] ILs, respectively, are presented in Figure
2.5. In this figure are also presented the values of the D measured by PFG NMR at of
7 T and 14.1 T. The fitting D(B) curve obtained using eq 2.11 is also shown. On the
basis of the founding that 7, and p,; are different from 7,, and p, it can be inferred from
eq. 2.9 to eq. 2.11 that the association parameter is also magnetic field dependent. The
phenomenological dependence obtained for @, is shown on the top of Figure 2.5.

The values of a; estimated for [Aliquat][Cl] and [Aliquat][Cl]/[Aliquat][FeCly] at zero
field, using eq. 2.10, were a1 = 1.4+ 0.3 and a; = 1.0 £ 0.2, respectively. The difference
between these two values might be due to different nature of the [Cl] and [FeCl,] anions.
In Figure 2.5 are presented the phenomenological magnetic field dependence of a; for
the two IL systems.

With the values of 179, Dy, and D at 7 T it is possible to estimate the value of viscosity at
7 T. The value obtained: #;1 ~ 0.38 Pa.s, is coherent with the extrapolated values obtained

from the phenomenological model fitting curve of the viscosity measured between 0 and
2T

2.6 Conclusions

This work presents a molecular dynamics study of two ionic liquids: a non-magnetic
ionic liquid, [Aliquat][Cl] and an ionic liquid mixture of [Aliquat][Cl] with its analogue
[Aliquat][FeCly]. The two systems were studied by viscometry, !H NMR relaxometry, and
pulse field gradient NMR.

The viscosity results showed that at zero magnetic field both IL system presented
basically the same viscosity, although the [Aliquat]|[Cl] viscosity was slightly larger that
of [Aliquat][FeCly]. For increasing magnetic fields the viscosity of [Aliquat][Cl] remained
constant. However, for the [Aliquat][Cl]/[Aliquat][FeCly] a clear viscosity decrease for
increasing magnetic fields was observed.

The spin-lattice relaxation time was measured over a broad frequency range from 10
kHz — 300 MHz at 22 °C. A bi-exponential decay in the time recovery of the longitudinal
magnetization was detected for both IL systems, revealing the presence of two spin sub-
systems in the samples. One spin-lattice relaxation rate, R;;, was associated to the CHj
and the other, R;,, to the CH, groups.

Both R;; and Ry, relaxation rates revealed a peculiar frequency dependence in the case
of the [Aliquat][Cl]/[Aliquat][FeCl,] ionic liquid with a broad peak in the high frequency
region between 10-300 MHz. In the case of [Aliquat][Cl] these broad peaks where not
observed, but in frequency region 20-30 MHz, some sharp cusps where detected.

The experimental viscosity results obtained as a function of the magnetic field were
analyzed in terms of a phenomenological curve that considers a maximum value for zero

field and a Lorentzian-like decay with the magnetic field. The viscosity and diffusion
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coefficients were assumed to be inversely proportional according to a modified Stokes—
Einstein relation that considers an association degree in order to take into account the
polar character of the fluids. The diffusion coefficient magnetic field dependence was
introduced in the relaxation model used to analyze the spin-lattice relaxation results.

The relaxation model considered includes the contributions of rotations/reorienta-
tions, translational self-diffusion and cross-relaxation between the 'H and the 3>Cl nu-
clear spins. In the case of [Aliquat][Cl]/[Aliquat][FeCl,] system the broad relaxation peak
in the frequency range 10-300 MHz was interpreted in terms of a relaxation mechanism
associated with the paramagnetic relaxation involving the 'H spins and the paramagnetic
[FeCl,] magnetic moments. The model fit to all experimental relaxation rate results is
very good. The values of the diffusion coefficient corresponding to zero magnetic field
were obtained from the fits and were compatible with the diffusion coefficients measured
by PFG NMR at 7 T and 14.1 T within the frame of the magnetic field dependence used
for the viscosity/diffusion.

In view of the independent measurements of viscosity and self-diffusion it is con-
cluded that the modified Stokes-Einstein, which considered a molecular association fac-
tor, is needed to relate both quantities. Moreover, it was found that this association factor
is also magnetic field dependent for the [Aliquat][Cl]/ [Aliquat][FeCly] system.

It was possible to estimate the viscosity for the magnetic field of 7 T, that otherwise
would be difficult to obtain with the available experimental setups.

In spite the small concentration of [Aliquat][FeCl,] in the [Aliquat][Cl]/ [Aliquat][FeCly]
mixture it was enough to change its molecular dynamics and viscosity and to control both
with an external magnetic field.

It can be concluded that the MIL mobility can be modulate by the presence of a
magnetic field. The tuning of the MILs properties and the increase of the diffusion in the
presence of a magnetic field might be an advantage, for example in the case of transport

of molecular species across the MILs.
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Published as: Carla I. Daniel, Fabidn Vaca Chdvez, Carla A.M. Portugal, Jodo G. Crespo, Pedro J. Sebastido “! H-
NMR Relaxation Study of a Magnetic Ionic Liquid as a Potential Contrast Agent”, Journal of Physical Chemistry B,
119(2015), 11740-11747.

3.1 Summary

A proton nuclear magnetic relaxation dispersion 'H NMRD study of the molecular dy-
namics in mixtures of magnetic ionic liquid [Pgge14][FeCly] with [Pggg14][Cl] ionic liquid
and mixtures of [Pgg614][FeCly] with Dimethyl sulfoxide (DMSO) is presented. The proton
spin lattice relaxation rate, Ry, was measured in the frequency range of 8kHz-300MHz.

The viscosity of the binary mixtures was measured as a function of an applied mag-
netic field, B, in the range of 0 - 2T. In the case of DMSO/[Pgge14][FeCly] the vis-
cosity was found to be independent from the magnetic field, while in the case of the
[Pos614][Cl]/[Psss14][FeCly] system viscosity decreased with the increase of the magnetic
field strength.

The spin-lattice relaxation results were analyzed for all systems taking into account
the relaxation mechanisms associated to the molecular motions with correlation times
in a range between 107!! and 1077s, usually observed by NMRD, and the paramagnetic
relaxation contributions associated with the presence of the magnetic ions in the systems.

In the case of DMSO/[Pgge14][FeCly] system the R; dispersion shows the relaxation
enhancement due to the presence of the magnetic ions, similar to that reported for con-
trast agents. For the [Pgge14][Cl]/[Pggs14][FeCly] system, the Ry dispersion presents a
much larger paramagnetic relaxation contribution, in comparison with that observed for
the DMSO/[Pggg14][FeCly] mixtures, but different from that reported for other magnetic
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ionic liquid system. In the [Pggg14][Cl]/[Pggs14][FeCly] system the relaxation enhance-
ment associated to the paramagnetic ions is clearly not proportional to the concentration

of magnetic ions, in contrast with what is observed for the DMSO/[Pgg614][FeCly] system.

3.2 Introduction

Proton Nuclear Magnetic Resonance (!H-NMR) is a widely known non-invasive experi-
mental technique used to characterize molecular order/structure and dynamics in a large
variety of systems [31, 58]. In particular, 'H-NMR imaging is a powerful tool to obtain
information on the morphology, function and metabolism of complex systems like porous
materials, composites, biological systems among many others.

Magnetic nanoparticles as contrast agents for NMR imaging have been the target of
numerous research works due to their unique magnetic properties and the ability to con-
tribute to probe molecular interactions at cellular and molecular level [59, 60, 61]. The
paramagnetic metal ions present in magnetic contrast agents, possess permanent mag-
netic moments that contribute to strongly increase the local magnetic field in the vicinity
of each ion. Through paramagnetic relaxation they produce a decrease of spin lattice (T;)
and spin-spin (75 ) relaxation times of neighboring hydrogen nuclei, a phenomenon called
“Proton relaxation enhancement (PRE)” [62].

Therefore, in medical NMR imaging tissues with different concentrations of paramag-
netic ions will have distinct spin lattice relaxation times which can be used to produce
images with higher contrast [63]. The PRE effect can be useful not only for clinical diag-
nosis but also to increase contrast in NMR imaging in general as in the case of the study of
chemical reactions and processes [64]. Magnetic colloids, magnetic nanoparticles, param-
agnetic and super paramagnetic compounds, magnetic ionic liquids are systems of high
interest for the enhancement of NMR imaging quality.

The development and characterization of new magnetic compounds has been an im-
portant research subject [59, 60, 61, 65, 66]. The magnetic behavior of the metal ions
make these compounds effective proton relaxation agents because the contrast effect is
produced indirectly by the changes in the local magnetic environment [62, 67]. Different
paramagnetic metal ions can be used: Fe(III), Gd(III), Mn(II) and Dy(III), according to
their magnetic susceptibilities and levels of toxicity for specific applications [68].

The effect of paramagnetic relaxation can be described by the so-called Curie relax-
ation that considers fluctuations of the dipolar interactions between the paramagnetic
particles’ global magnetic moments and the proton nuclear magnetic moments of neigh-
bor hydrogen nuclei either temporary bounded to the magnetic particle or within the first
neighbor layer spheres (inner-spheres) or in outer layer spheres. [47, 49, 62, 69, 70]

Nowadays, the commercial contrast agents are based on Gd (III) paramagnetic ion,
due to high magnetic response in comparison with the other metal ions described before
[68]. However, the toxicity of these compounds as contrast agents is high. In particular
the Gd (III) toxicity is higher than Fe (III) [68]. To reduce the levels of cells toxicity, the
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paramagnetic ions may be used as contrast agents, in the form of complexes (or chelates)
with organic ligands [71, 72]. The toxicity of Gd(III) and Fe(III) is identical when these
elements are used as members of complexes or chelate systems. In this case, Gd(III) based
contrast agents are preferred due to their high magnetic relaxivities values observed in
the magnetic resonance applications [71, 72, 73].

Besides the magnetic behavior of magnetic nanoparticles and magnetic colloids, new
magnetic ionic liquids (MILs) have been explored due to their particular magnetic fea-
tures. In MILs, usually the anionic counterparts is replaced by others containing a param-
agnetic metal complex. Recent studies of different magnetic ionic liquids have shown that
the MILs physicochemical properties might change when submitted to different magnetic
field conditions [19, 20, 34, 35]. The influence of the magnetic field on the physicochem-
ical properties of MILs might be explained by the dependence between the magnetic
field intensity and the structural arrangement of the ionic paramagnetic network and a
peculiar coupling between magnetic moments of the paramagnetic ions [74].

The previous 'H-NMR study, by Daniel et al. [74] described in Chapter 2, of the molec-
ular dynamics of a magnetic ionic liquid system comprising a mixture of [Aliquat]|[Cl]/
[Aliquat][FeCly], showed the relation between the viscosity and the self-diffusion of the
studied ionic liquid systems in the presence of different magnetic fields. The results of
the proton spin-lattice relaxation rate (T; ') revealed a strong enhancement of T; ! at
Larmor frequencies higher than 10 MHz (magnetic fields larger than 0.2 T) as observed
for contrast agent systems with super-paramagnetic particles [47].

Also, it was observed that the MILs viscosity decreased with increasing magnetic field
intensity consistent with an increase of the MILs self-diffusion coefficient. The specific
MIL behavior was analyzed and related to the paramagnetic moments of the anion [FeCly],
to the particular molecular arrangement and to the electrostatic equilibrium between the
ionic species [74].

Some recent works have reported the possibility of using magnetic ionic liquids as
potential contrast agents [25, 38]. In fact, ionic liquids can be designed by changing
both cations and anions [24] and offer the possibility to adjust their physicochemical
properties for specific applications [21, 75], taking into account eventual limitations due
to toxicity effects in the case of medical applications. Studies were published concerning
the understanding about factors that influence toxicity. In terms of the magnetic anion
toxicity, a study in human cells [76], demonstrated that iron complexes are preferable to
gadolinium ones.

Along with this finding, some works have shown that long aliphatic chains in the
cations can also contribute to an increase of toxicity of the paramagnetic ionic liquids,
depending on the medium of application (bacterias, human cells) [76, 77]. Since the
magnetic ionic liquids properties are magnetic field dependent, a new ionic liquid/mag-
netic ionic liquid pair, [Pgge14][Cl]/[Pggs14][FeCly], was selected to be studied, aiming at
understanding how the magnetic field influences the molecular structure and molecular

packing of the cations and its subsequently impact on the properties of the ionic system.
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Considering the cations of [Pggg14][FeCly] and [Aliquat][FeCly], it is reasonable to ex-
pect that the molecular packing of phosphonium salt [Pgge14]" molecules (which have
four long chains) might be different from that of the quaternary ammonium [Aliquat]*
molecules (which have three long chains and one methyl group), the latter favoring a
closer approach between the ions pairs in the ionic liquid. These differences may possibly
translate into different magnetic induced molecular dynamics and structural rearrange-
ments.

Here is presented a study of the molecular dynamics by 'H-NMR relaxation and a
study of the physicochemical properties as a function of the magnetic field of the ionic
liquid systems: [Pggg14][Cl], a mixture [Pggg14][Cl]/[Pess14][FeCly] and also a mixture of
[Pess14][FeCly] with Dimethyl sulfoxide (DMSO). The proton spin-lattice relaxation mea-
surements were done between 8kHz-300MHz and the self-diffusion, D, was determined
directly using PFG (Pulse Field Gradient) NMR technique at a magnetic field intensity of
7 T. Due to the relation between the diffusion and viscosity, studies were performed to
find a correlation between the viscosity and magnetic relaxation behavior. A comparison
between the relaxation profiles obtained in this work for the [Pggs14][Cl]/[Psses14][FeCly]
system and DMSO/[P¢g614][FeCly] solutions and the profiles reported for other contrast

agents systems is presented.

3.3 Experimental

3.3.1 Materials

The ionic systems selected for this study are based on phosphonium salts where the cation
has the structure presented in the Figure 3.1 and is hereafter referred to as [Pggg14]"- Two
ionic liquids were considered, [Pge614][Cl] and the mixture of [Pggg14][Cl]/[Pees14][FeCly]
1% (v/v), where chloride anions were partially replaced by magnetic [FeCl,]™ anions.

The ILs systems were synthesized by Afonso et al., from Faculdade de Farmacia, Uni-
versidade de Lisboa, according to the experimental procedure described in the references
[36, 39]. The density of the ILs systems was measured gravimetrically using a pycnome-
ter and the percentage of the magnetic element, Fe3*, in each sample was determined by
Inductively coupled plasma (ICP). The molecular weight and density of the two ionic
liquid systems are presented in Table 3.1.

3.3.2 Methods
3.3.2.1 'H-NMR assays

The assays of 'H-NMR were performed following a procedure previously described for
similar systems [50, 74]. The proton spin-lattice relaxation rates R (= 1/T;) were mea-
sured at 22 °C for a broad Larmor frequency range between 8 kHz and 300 MHz. Three

complementary NMR set up were used for the measurements: a conventional Bruker
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(CHz)5 — CHg

HC — (H2C)s—P—(CHz)13— CH;

(CHz)s — CHg
Figure 3.1: Molecular structure of the [Pggg14]|" cation. The charge is localized at the

phosphorous atom.

Table 3.1: Physical parameters of the ionic liquid systems used. The molar concentration
Of [P66614][FeC14] in the [P66614][CI]/[P66614][F6C14] mixture iS 0014 mol/L

IL Molecular Weight (gmol™') Density (gcm™3)
[Peee14][Cl] 518.3 0.891
[Pe6614][CL]/ [Pogo14][FeCly] 519.9 1.11

Avance II NMR console operating either a 7T superconductor electromagnet or a vari-
able field (0.2T - 2T) electromagnet and a Fast Field-Cycling NMR relaxometer [78]. The
details of the experimental techniques used with each equipment can be found in the
literature [50, 74, 79, 80, 81].

3.3.2.2 Viscosity measurements

The measurements of viscosity were carried out in a capillary viscometry set up using
the conventional protocol described in the literature [74, 75]. The experiments were con-
ducted with and without applied magnetic field to analyze the influence of the magnetic

field on the ionic liquids’ viscosity.

3.4 Results

For both ionic liquid systems it was found that the spin-lattice relaxation was described
by a two components exponential decay. Two spin-lattice relaxation rates Ry; and Ry,
were determined considering a relative weight of the two relaxation components that
was attributed to the number of hydrogen protons of the CHj; (terminal methyl groups)
and CH, (ethyl groups) groups of the carbonated chains. In Figure 3.2 are presented the
proton spin-lattice relaxation rates for the two ionic liquid systems. In Figure 3.2a) are
presented the values of Ry, and in Figure 3.2b) are presented the values of Ry, in the

Larmor frequency range between 8 kHz-300 MHz.

29



CHAPTER 3. 'H-NMR STUDY OF A MIL AS A POTENTIAL CONTRAST AGENT

T T T T T TTIm T T T T T T
10°g =
E a) 3
- %@@Qﬁ@ ]
- m [m] -
Ty oo
2
—10°F 0 3
= ] E
|:'_ ~ OHJ n
= O % il
1 (o]
10°E CH2 E
C o [P66614][CI]/[P66614][FeC|4] -
" o [P66614][Cl] o
100 pevvl el vl ool ool gl
10°  10* 10° 10® 10" 10® 10°
Proton Larmor frequency (Hz)
1035|||||m] TTTT T TTT T TTTm T TTTm T T T
C b) 3
2
10°E B E
N = Eﬁ%% op” E
%) C m ]
= - %% -
t — EB [u] —
- 8
10'E Bo =
E CH3 oo 3
C o [P66614][C|]/[P66614][FeC|4] n
L o [P66614][Cl] o 4
100 gl vl vl ol vl gl
10°  10* 10° 10° 10" 10° 10°

Proton Larmor frequency (Hz)

Figure 3.2: Larmor frequency dependence of proton spin lattice relaxation rates for the
systems [Pgee14][Cl] and MIL [Pgge14][Cl]/[Pggs14][FeCly] 1% (v/v) mixture: Ry,, a) and
Rl]; b)

As can be observed in both Figures 3.2a) and 3.2b) the values of Ry; and R;; for the two
ionic liquid systems are quite similar for frequencies below 10 MHz but differ significantly
for higher frequencies. The difference between IL and MIL R;; and R, behaviors at high
frequencies is similar to that reported previously for the IL/MIL [Aliquat][Cl] based
system [74]. In that work this difference was possibly associated to the paramagnetic
relaxation contribution due to the presence of the magnetic ions in the MIL system. Such
strong spin-lattice relaxation increase at high frequencies due to paramagnetic relaxation
was also reported for liquid mixtures with contrast agents of super-paramagnetic particles
[47].

However, the similarity between the IL and MIL R;; and R;, behaviors at frequencies
below 10 MHz is quite unexpected in view of the results reported for the [Aliquat][Cl]
IL systems [74] and taking into account the usually observed linear dependence of the
relaxation rate on the concentration of paramagnetic particles [63]. Additionally for the

MIL is observed an enhancement of the R; at 20 and 33 MHz which can be associated
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with the cross relaxation among 'H and 3°Cl spins [45].

The values of viscosity of both ionic liquid systems are presented in Table 3.2. As
expected the viscosity of the non-magnetic ionic liquid is independent of the magnetic
field. As can be observed the viscosity of the [Pgge14][Cl]/[Psgs14][FeCly] decreases with
the increase of the magnetic field as reported in the literature for different magnetic ionic
liquids [74, 75].

Table 3.2: Viscosity determined experimentally as a function of applied magnetic field
for the [Pgge14][Cl]/[Poss14][FeCly] 1% (v/v) solution (in parenthesis the values for the
[Pee614][Cl] IL). The viscosity of DMSO/[Pgg614][FeCly] 1% (v/v) was fjpmso = 2.15 Pa.s,
independent of the applied magnetic field.

B(T) 1 (Pa.s)
~45x107%  1.97 (2.06)
0.47 1.93 (2.06)
1 1.81 (2.06)
1.3 1.73 (2.06)
1.8 1.71 (2.06)

3.5 Analysis and Discussion

The 'H-NMR R; dispersions presented in Figure 3.2 were analyzed taking into account
the relaxation processes associated with the molecular motions usually found in low
molecular mass organic materials like liquid crystals and ionic liquids [49, 74, 79, 81].
The presence of paramagnetic ions adds an additional degree of complexity on the anal-
ysis of R; dispersion data as the coupling between the magnetic moment of the param-
agnetic ions with proton’s magnetic moment leading to the inclusion of an additional
relaxation process parameter in the analysis [74]. In the case of the phosphonium salt
based systems only the cations possess hydrogen protons, therefore, the relaxation infor-
mation regarding molecular motions that is obtained reflects mainly the global motions
of the cations and the alkyl chain dynamics.

The relaxation model considered here follows that presented previously for a similar
system where the cations possessed a nitrogen central atom bounded with just three long
aliphatic chains and a methyl group. The total relaxation rate is the sum of the relaxation
contributions: translational and rotational self-diffusion, chain dynamics, paramagnetic
relaxation and cross relaxation between the hydrogen protons ' H system and the chloride
33Cl spins system [74]. Given the complexity of the molecular system and the presence of
a molecular packing with the strong interdigitation of the molecular chains of different

cations, the use of the relaxation models considered for liquid crystals and simpler ionic
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liquids [49, 50, 74] must be considered as a first approximation.

The model considered for the analysis of the R; experimental results can be expressed
by the sum of the contributions mentioned before. In the case of the MIL system the
contribution corresponding to the paramagnetic relaxation was also included.

Ry(vp) = REP (vp) + [RY™ (vp) + Ry (vp) |+ RER (vp) + [RIM (v, (3.1)

)]MIL

The cross terms contributions in eq. 3.1 were neglected assuming that the relaxation
mechanisms are statistical independent. The theoretical details of each relaxation model
are presented in the Appendix A of this thesis. The model fitting parameters were: d, tp,
<12 >, 14, T4, T, T1, ARot1, T2, Arora, and a pair of Tcg;, Acg; for each cross-relaxation
peak, where d is an average width associated with the volume defined by the aliphatic
chains, < r? > is the mean-square jump distance, 7, is the longitudinal electronic relax-
ation time, 7; and 7, are correlation times associate with the rotations of the aliphatic
chains, Agys1 and Ag,s, depend on the protons spins dipolar coupling constant and effec-
tive inter-spins distance. tcg;, Acg; are parameters associated to the width and amplitude
of the cross relaxation process.

Due to the differences in the relaxation of the IL systems, two correlation times for the
translation diffusion processes had to be considered: 7 for the non-magnetic IL system,
7; and 74 for the MIL system. In the case of the MIL system the viscosity dependence
on the magnetic field was considered in the fits assuming an empirical model previously
introduced for the [Aliquat][FeCly] system [74]. In addition the iron molar concentration
measured by ICP was M = 1.4x 10"2mol/L and the ' H spins density n = 7x 10?® spins/m?
was estimated taking into account the IL and MIL molecular structures and the values of
Table 3.1.

The model was fitted to the experimental results using a non-linear least-squares
minimization procedure with a global minimum target [56, 57]. The [Pgg614][Cl] and
[Pss614][Cl]/[Pess14][FeCly] relaxation results were fitted simultaneously in two sub- pro-
cesses: the Ry and Ry, fits. In Figure 3.3 are presented the plots corresponding to the
best global fit, whereas the fitting parameters are listed in Table 3.3.

In general terms the fits results obtained for the [Pggg14][Cl] based systems are similar
to the ones found for the [Aliquat][Cl]. However, a closed analysis reveals some interest-
ing differences. In fact, the model fit quality for the [Pggg14][Cl]/[Pgge14][FeCly] system
is worse than that obtained for the [Aliquat][FeCly], in particular, in what concerns the
description of the slower rotations and the paramagnetic relaxation contributions. Also,
the small difference observed in the values of R;; and Ry, of [Pgge14][Cl]/[Psss14][FeCly]
for frequencies below 1 MHz could not be explained by the same values of d and 7. As
a consequence it was not possible to fit the paramagnetic relaxation contribution with
the same quality as for the [Aliquat][FeCly] system. The presence of [FeCl,]|™ in the mix-
ture of [Pggg14][Cl] is not only associated with the additional paramagnetic relaxation

contribution to the proton spin-lattice relaxation but also seems to affect the molecular
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Figure 3.3: Experimental results and model fitting curves for the two spin-lattice relax-
ation rates as a function of frequency for the IL systems, as explained in the text.

dynamics of the cations in a way that was not observed for the [Aliquat|[FeCly] system
previously studied.

The values obtained for the fitting parameters present in Table 3.3 are consistent with
those found for the quaternary ammonium magnetic ionic liquid system [Aliquat][FeCly]
mixtures [74], taking into account the differences observed in the relaxation dispersion. In
particular, the cross-relaxation contributions are less important than for the [Aliquat][Cl]
mixtures.

It is interesting to note that the expression usually considered to estimate the concen-

tration effect of a contrast agent in a solution:

1 1

=~ T .
where [C] is the concentration of the paramagnetic particles, [1/T; Jg jvent 1S the relaxation
rate without the presence of the contrast agent and r; is the relaxivity of the contrast
agent, seems not to be valid in the case of the [Pgge14][Cl]/[Pgss14][FeCly] system, as it
can be understood from the data in Figure 3.2, assuming that [Pge614][Cl] acts as a solvent
of [Pgee14][FeCly].

In order to test the properties of the [Pggq14][FeCly] as a contrast agent and to check if
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Table 3.3: Relaxation model parameters obtained for the best fit of eq 3.1 to the R,
experimental results for the [Pgge14][Cl] and [Pggg14][Cl]/[Pess14][FeCly] systems. The
follow fitting parameters are common for both systems: p = (1.46 +0.06) x 1078s,d ~
7.3x1071%m, M ~ 0.014mol/L, S; ~ 400, n = 7 x 10?4 spins/m3, p ~ 1.13, and 7, ~ 3.85 x
107195, w,/(27) ~ 33 MHz, and w,/(21) ~ 20 MHz

[Pesc14][C1]/
[Pes614][Cl] [Pess14][FeCly]
CH, CH; CH, CH;
VEDA09m) | 1.6+£0.027 2.5+0.014 1.6+0.027 2.5+0.014
74,(107%s) - 6.02+0.73 6.35+0.59
7,(10711s) - 1.0+0.064
74, (1078 5) - 7.34+0.35
Apor, (10%572) | 7.33£0.3  1.85+0.2 7.33£0.3 1.85x0.2
7, (10785) 1.0+£0.1  1.18+0.1  1.0+0.1  1.18+0.1

ARot, (10%572) | 3.03£0.1 2.81+0.1 3.03+0.1 2.81%0.1
7,(107105) 516+0.2 4.8+0.1 516+0.2 4.8+0.1

Acgy (107572) - 1.3+0.4  25+0.11
Tcry (10775) - 5.0+3.2 5.0£3.2
Acra (108572) - 1.5+0.3 2.5+0.9
Tera (10775) - 5.0+0.2

the superparamagnetic-like relaxation effect observed for the [Pggg14][Cl]/[Pgss14][FeCly]
system can be observed using a non ionic liquid solvent, additional measurements were
made using solutions of [Pgge14][FeCly] in DMSO. The viscosity measurements showed
that viscosity was independent of the magnetic field for DMSO/[Pgge14][FeCly] 1% (v/v)
(See Table 3.2). In Figure 3.4 are presented the relaxivity results according to eq. 3.2, as a
function of the proton Larmor frequency for a 10mM sample DMSO/[Pggg14][FeCly].
The measured R; corresponds to the DMSO protons in the view of small concentra-
tion of the ionic liquid. The R; 0.52 s™! of the pure DMSO was frequency independent in
the range of 8 kHz to 300 MHz. As it can be noticed, the relaxivity dispersion presents a
much less pronounced paramagnetic contribution in comparison with the relaxation en-
hancement effect observed for the [Pgge14][Cl]/[Pgge14][FeCly] system with a close molar
concentration (14 mM). The relaxivity dispersion is described by the sum of inner-sphere,

(Tl_1 )is» and outer-sphere, (Tl_1 )os, relaxation contributions.

r = (Tl_l)is"'(Tl_l)os (3'3)
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Figure 3.4: Experimental results and model fitting curves for the relativity as a function
of frequency for the 10mM DMSO/[P¢gg14][FeCly] system, as explained in the text.

The details of the models used for these two relaxations mechanisms can be found in
the Appendix A. The only free fitting parameters were the distance between the FeCl}
ions and the DMSO molecules, rg.y and Rg.y, for the is and os relaxation contributions,
respectively, the correlation time 7,,; for the is inner relaxation, and the correlation
time 7, and the mean square fluctuations A? of the electronic zero-field-splitting (ZFS)
relaxation contribution. The values obtained from the fit were: rpepy = (3.5+0.2)A, Rpepy =
(8.0+0.3)A, T,y = (1.12+0.007)x107 125, 7, = (2.6+0.25)x107 125, and A? = (2.9+0.3)x10'°

S_2.

During the mixing process of [Pggg14][FeCly] MIL with DMSO no chemical reaction
was observed involving the FeCl}. This observation was further confirmed by preparing
a 10mM solution of FeCl; hexahydrate and DMSO. The relaxivity results obtained for
this system can be found in the Appendix A for comparison. It is worthwhile to mention
that the physically consistent fits could only be obtained considering that the FeCl, ions
were surrounded by around 8 DMSO molecules with very short resident times.

In view of the fact that the chlorine atoms remain covalently bounded to Fe there is
no actual binding between DMSO molecules to Fe. Therefore, it is reasonable to obtain
T,y values close to the characteristic times of methyl groups rotation [82], in contrast
to the long resident times of water molecules in the case of conventional contrast agent
paramagnetic complexes.

In Figure 3.5 are presented results of the proton spin-lattice relaxation rate as a func-
tion of the ionic liquid concentration in DMSO for three selected Larmor frequencies.
As it can be observed, the spin-lattice relaxation of the DMSO/[P¢¢g14][FeCly] solutions
is certainly well described by eq. 3.2 for concentration below ~10mM. The values of

relaxivity depend on the frequency and vary in the range 2-3 mM~!s™!. These values
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are higher than the iron(III) complexes recently reported which are good candidates for
further development in order to be used as MRI contrast agents [83].
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Figure 3.5: Experimental results of the DMSO spin-lattice relaxation as a function of
[Psss14][FeCly] concentration. Relaxivities were estimated for three selected Larmor fre-
quencies, as explained in the text. The arrow in the inset figure represent the concentra-
tion corresponding to the mixture [Pggg14][Cl]/[Pges14][FeCly] studied here.

From the results obtained it is possible to conclude that [Pgge14][FeCly] acts as a typical
contrast agent enhancing the spin-lattice relaxation rate with a relaxivity well described
by the usually accepted paramagnetic relaxations mechanisms for inner sphere and outer
sphere interactions. In contrast, in the mixture of [Pgge14][FeCly] with [Pggg14][Cl] ionic
liquid the effect of the paramagnetic ions on the spin-lattice relaxation of the solvent
molecules protons’ spins system cannot be described by the linear combination of the
non-paramagnetic and paramagnetic relaxation contributions (eq. 3.2) where the param-

agnetic contribution is proportional to the concentration.

In fact, the relaxation enhancement effect due to the presence of [FeCly]™ ions must
be negligible for frequencies below 10MHz. Actually, a detailed observation of the experi-
mental results (see Figures 3.2 and 3.3) reveals that at low frequencies the relaxation rate
for the [Pggg14][Cl]/[Pess14][FeCly] system is smaller than that of [Pggg14][Cl]. Therefore,
it seems that the presence of the [FeCly|™ ions, affects more the motions of the cations’
aliphatic chains, more than Cl. Together with the paramagnetic relaxation it produces

just a small change in the spin-lattice relaxation at low frequencies.

The super-paramagnetic relaxation observed for the [Pgge14][Cl]/[Pgge14][FeCly] Ry
dispersion as well as the viscosity’s dependence on the magnetic field, seems to be as-
sociated with ionic nature of the [Pggg14][Cl] solvent in comparison with the non ionic
DMSO.

36



3.6. CONCLUSIONS

3.6 Conclusions

In this work is presented a ' H Nuclear Magnetic Relaxation dispersion study of the molec-
ular dynamics of the neat ionic liquid [Pggg14][Cl] and the binary mixtures of magnetic
ionic liquid [Pggeg14][FeCly] with [Pggg14][Cl] and with DMSO. The proton spin-lattice
relaxation was measured over the broad frequency range between 8 kHz - 300 MHz at
22°C. In addition, viscosity measurements were made as a function of an applied mag-
netic field in the range 0 - 2T. The longitudinal magnetization decay with time was found
to be bi-exponential and characterized by relaxation rates Ry, and Ry in consistency with
the number of CH, and CHj groups in the cation molecules, respectively.

For both [Pgg14][Cl] and the mixtures DMSO/[Pgg614][FeCly] it was observed that
the viscosity was independent from the magnetic field. In the case of the mixtures of
[Pess14][FeCly] with [Pgeg14][Cl] it was observed that the viscosity decreased with the
magnetic field strength and at 2T the viscosity was 13% less than at 0T.

The spin-lattice relaxation results were analyzed for all MILs mixtures taking into ac-
count the relaxation mechanisms associated to the molecular motions typically observed
for these systems. In the case of DMSO/[Pggg14][FeCly] and [Pggs14][Cl]/[Poss14][FeCly]
spin-lattice relaxation results additional paramagnetic relaxation contributions were con-
sidered due to the presence of the magnetic ions.

The spin-lattice relaxation dispersion observed for the DMSO/[Pggq14][FeCly] was
quite different from that detected for the pure DMSO as expected due to the presence of
iron ions in the mixtures. In fact, the [FeCl,|™ anions constitute a paramagnetic relaxation
agent increasing the proton spin-lattice relaxation rate with a paramagnetic contribution
that depends linearly on the concentration of the [FeCl,]™ ions for small concentrations,
as usually found for known iron based contrast agents.

The R; dispersions observed for the [Pggg14][Cl]/[Pess14][FeCly] system are signifi-
cantly different from those where DMSO was the solvent. The R; dispersion obtained for
systems using [Pgge14][Cl] as solvent evidences a combination of relaxation mechanisms
associated with molecular motions obviously not found when it is replaced by DMSO,
due to the considerable differences in the molecular structure, and consequently in the
local molecular organization considering the ionic character of the phosphonium salt. In
the case of [Pggg14][Cl]/[Pges14][FeCly] system, the paramagnetic relaxation contribution
is dominant in high frequency range, as it was previously observed for a quaternarium
ammonium magnetic ionic liquid system, but is negligible at lower frequencies. In this
system, the proton spin-lattice relaxation clearly does not depend linearly on the concen-
tration of [FeCl,]™ ions. The presence of the [FeCly]™ ions in the [Pggg14][Cl] ionic medium
seems to affect the local molecular organization and the relative contribution of molecular
motions to the spin-lattice relaxation. The differences observed in the R; dispersion of
[Pss614][Cl]/[Pess14][FeCly] with respect to that of [Pggg14][Cl] reflect the contribution of
a paramagnetic relaxation and the changes in the molecular order, dynamics and packing.

When comparing the paramagnetic relaxation contributions detected for the [Pggg14][Cl]
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/ [Pess14][FeCly] and DMSO/[Pggp14][FeCly] the stronger enhancement of the R; disper-
sion due to the amplitude of this mechanism in the [Pggs14][Cl]/[Pggs14][FeCly] system
is perhaps due to the coupling between the magnetic moments of the [FeCl]™ ions as
the result of the ionic nature of the [Pgg614][Cl] acting as a solvent in comparison with a
organic solvent such as DMSO.

The results obtained in this work suggest the possibility of using MILs as contrast
agents, provided that their toxicity is reduced. One possibility, that requires future studies
is the replacement of the ILs cations (ex. phosphonium or quaternary ammonium) by
bio compatible water-soluble cations, like those present in several vitamin complexes,

coordinated with a magnetic anion, such as [FeCly].
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4.1 Summary

Ionic liquids are widely under research due to their potential properties as solvents. The
prediction of their physicochemical properties is an important strategy to achieve a better
knowledge for further applications.

The present work applies a group contribution method to estimate the viscosity at
different temperatures of a new generation of ionic liquids, magnetic ionic liquids (MILs),
which are comprised by anions containing transition metal complexes. These new sub-
stances have received a high interest due to their response at the presence of a magnetic
field. In this study the magnetic ionic liquids are based on the phosphonium cation
[Pgss14]™ with different number of cations chains and on the magnetic anions: [GdCl4]*~,
[MnCl,]?~, [FeCly]™ and [CoCl4]?*~.

The database covers a wide range of temperature, 293.15 - 373.15K, and viscosity 44
- 123500 cP. The modeling estimations show a good agreement with the experimental
results, presenting a mean percentage deviation of 7.64%. These results confirm the
interest of this model for the estimation of viscosity and the influence of the temperature,
which can be extended for a large variety of group combinations in magnetic ionic liquids

leading to different applications.

39



CHAPTER 4. A GROUP CONTRIBUTION METHOD FOR MILS VISCOSITY

4.2 Introduction

Ionic liquids (ILs) have been receiving a high interest for their unique physicochemical
properties. They may be regarded as organic solvents comprised entirely by ions in the
liquid state over a wide temperature range including room temperature (RTILs - room
temperature ionic liquids). These ILs show a low melting point, high thermal stability
and thermal capacities, non-measurable vapor pressure and they are non-flammable, and
reusable. Additionally, their physicochemical properties can be modified by changing
their cationic and anionic composition according to their specific task, being recognized
as “green and designer solvents” [24].

A new generation of magnetic sensitive ionic liquids - magnetic ionic liquids (MILs),
exhibiting a response to the magnetic field has been developed [19, 34, 35]. MILs are
comprised by anions containing transition metal complexes, having properties (solubility,
viscosity, surface tension and molecular orientation), that may be influenced by the pres-
ence of an applied magnetic field [19, 20, 34, 35]. Actually, magnetically induced changes
of IL solubility were confirmed by the dependence found between the concentration of
binary MIL/water mixtures and the applied magnetic field strength [19].

A deeper knowledge about the fundamental properties of ILs is required, including:
density, viscosity, solubility, surface tension, refractive index and speed of sound, in order
to better understand their structure-properties relationships [84]. One of the important
physical properties of ILs is viscosity [85], which is higher for most ILs than for common
organic solvents. The viscosity of ILs may be adjusted by a judicious cation-anion com-
bination leading to ILs with lower or higher viscosity depending on the requirements.
ILs estimation models for the temperature influence in the viscosity are available in the
literature supported in different assumptions. The widely used are: Arrhenius-like law
[86], Vogel-Fulcher-Tamman (VFT) [87, 88, 89], modified Vogel-Fulcher-Tamman (mVFT)
[90], Litovitz, fluidity equation [91] and Orrick-Erbar equation [92]. The group contri-
bution methods are common to estimate the viscosity of complex molecules, such as:
Orrick-Erbar equation [92], Sastry-Rao method [93] and the UNIFAC-VISCO method [94].
In this method it is assumed that the physicochemical properties of the molecules are the
summation of the contribution of their atoms and /or fragments [95].

The Vogel-Fulcher-Tamman (VFT) has been used recently, [96] as a new correlation
based on the group contribution model to predict the viscosity, electrical conductivity,
thermal conductivity, refractive index, isobaric expansivity and isothermal compress-
ibility of ILs. This correlation has been applied instead of the Orrick-Erbar equation to
overcome the limitation of density data. The density is a fundamental property of the
compounds and recent works are focused on energetic ILs/salts, since ionic compounds
present many advantages over molecular species such as low vapor pressure and high
density values [97].

The correlation of the IL density may be based on different models [84], [97]. Jenkins
proposed an equation based on the contribution of the cation and anion volumes, where
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the molar volume of the molecule is the summation of the two contributions [98]. The Ye
and Shreeve method has followed this theory for RTILs and salts [97] and its extension
from R. Gardas et al. [99] is based on the same assumptions, but including others
parameters to estimate densities accurately.

The aim of the present work is the estimation of the viscosity at different temper-
atures of MILs using the Orrick-Erbar equation [92, 100] with the contribution of the
MILs structure, considering the phosphonium cation [Pgge14]" with different number of
cations chains and the magnetic anions: [GdClg]*~, [MnCly]>~, [FeCly]~ and [CoCl4]*".
The density is correlated using the model proposed by R.Gardas et al. [99] which is cur-
rently applied to describe the influence of the temperature in the viscosity of different

compounds.

4.3 Experimental

4.3.1 Materials and Methods

The selected MILs based on the phosphonium cation were:

- Trihexyl(tetradecyl)phosphonium hexachlorogadolinium: [Pgge14]5 [GAClg]

- Trihexyl(tetradecyl)phosphonium tretrachloromanganate: [Pggg14], [MnCly]

- Trihexyl(tetradecyl)phosphonium tretrachloroferrate: [Pggg14] [FeCly]

- Trihexyl(tetradecyl)phosphonium tretrachlorocobaltate: [Pggg14], [CoCly]

The MILs were prepared in the Faculdade de Farmacia, Universidade de Lisboa ac-
cording to the experimental procedure reported elsewhere [36, 39]. Their properties,
molecular weight, density and water content at room temperature are listed in Table 4.1.
The density of MILs was determined gravimetrically with a pycnometer and their water
content was measured using Karl-Fisher technique [36].

The experimental viscosities and densities were measured using a rheometer (Haake
RS75), covering the range of temperature, 293.15 - 373.15K as presented in Table 4.2.

Table 4.2 shows the experimental results of viscosity with the temperature, which
includes 20 experimental data points for MILs based on the same phosphonium cation
and four magnetic anions. Comparing the present data with the literature [95], this study

covers a wide range of viscosities, 44 - 123500 cP.

4.4 Results and Discussion

The group contribution method based on the Orrick-Erbar model [92], described by eq.
4.1, was applied to estimate the viscosity for different temperatures of these MILs. For
the ionic liquids, the group contribution is due to the presence of cations and anions. In
the present case the contribution is divided in the phosphonium cation [Pggg14]* with
different number of cations chains and in the four magnetic anions: [GdClg]>~, [MnCl4]?",
[FeCly]™ and [CoCly]?*~.
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Table 4.1: Properties of the magnetic ionic liquids

MILs Structure Molecular Weight ~ Density =~ Water content
(gmol 1) (gcm™3) (% wt.)
T' el ol
F a—ctt—a
R/lL\R c’ o«
[Pss614]3[GdClg] 1821.5 0.982 0.2
T' [+]
P Cl—Mn=—cl
b L
[Pss614]2[MnCly] " 1103.0 0.956 0.35
R’ cl
|I;‘ C|—F|o'—C|
SN
[Pe6614][FeCly] " 681.5 1.012 1.02
R cl
|I,* CI—C|D!-—C|
ATN |
R R R Cl _4
[Pes614]2[CoCly] 1112.0 0.965 5.1x10
B
In(—_)=A+= (4.1)
pxM T

Eq. 4.1 can be decomposed in the two contributions of the Ionic liquids:

B* B~
i )=nx(AT+ =)+ (A" + =

(M T T

) (4.2)

Where 7 is the viscosity (cP), p is the density (g cm~3), M is the molecular weight (g mol ™).
T is the absolute temperature (K), A and B are the Orrick-Erbar parameters, n stands for
the number of cations chains, A*, B* are the parameters of cation contribution, and A~,
B~ are the parameters of anion contribution for the viscosity.

The phosphonium cation is common for all the MILs, although the number of cations
chains is different, as well as the magnetic anion. Therefore, the global equation of the

model can be written as follows:

ln(ng):nix(A+Bx%)+Z(A,~+Bix%) (4.3)
Where n; is the number of cations chains, A and B are the parameters of cation contribu-
tion and A; and B; are the parameters of anions contribution.

The dependent variable ln(pxiM) includes the density. The model of Orrick and Erbar
uses only the density at 293K [92], however, other recent studies [99] using an extension of
the Ye and Shreeve method [97], proposed a predictive method for ILs, using the density

as a function of temperature. The experimental densities are reported in Table 4.2, and the
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Table 4.2: Experimental Viscosities and densities of the MILs at different temperatures

Phosphonium-MILs T(K) 1(cP) p(g cm™3)

[Peee14]3[GdClg]  293.15 28230 0.983
298.15 18390 0.981
303.15 13010 0.979
323.15 2980
373.15 290

[Pesoral2[MnCly]  293.15 112300  0.956
298.15 75230 0.949
303.15 41560 0.943

323.15 13970

37315 920
[Pose14][FeCly] 293.15 790 1.012
298.15 650 1.008
303.15 520 1.004
32315 230
373.15 44

[Peso14l2[CoCly]  293.15 123500  0.965
298.15 83450 0.962
303.15 40250 0.959
323.15 15360

373.15 11050

density dependency with temperature is estimated according with the following equation
[100]:

B M
P NV(@+bT +cP))

(4.4)

where, p is the density (g cm™3), M is the molecular weight (g mol™!), N = Avogadro
constant (mol~!), V = molecular volume (A3), T = temperature (K), P; = Pressure (MPa)
and a, b and c are coefficients to be estimated by fitting. The behavior of the density with
temperature was described by eq.4.4, following the same modeling procedure for the ILs

group contribution model. This model includes the contribution of the density for the
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final viscosity estimation [99, 100].
The density of MILs in this temperature range was estimated by the model following
equation eq.4.4, all the experiments were performed at constant pressure (atmospheric

pressure), P is constant, and eq.4.4 can be simplified to eq.4.5:

1
¥ la+pT)
where,
a= %(a+ cP) (A3 Kg~! MPa)
p="gt (AK T Kg™)
Equation eq.4.5 includes the parameters a and f as parameters and the estimation of

the parameters has been carried out using Fitteia software. Results are shown in Table
4.3.

Table 4.3: Fitted parameters for the prediction of the density of the studied MILs

Phosphonium-MILs  a(A3 Kg~! MPa) B(A3 K™ Kg~!) MPD(%)(95%) x?

Pese14]3[GACl 9.3x107% 3.1x1077 0.25 0.02
6661413 6
[Pess14]2[MnCly] 5.8x107% 1.6x1076 0.28 1.9
[Pese14][FeCly] 7.6x107% 7.7x1077 0.21 0.2
[Peso14]2[CoCly] 8.2x107% 7.4x1077 0.14 0.4
Global fit 0.22

The MPD values obtained are between 0.14 - 0.28% , with 0.22% for the global fit
when all MILs are included, in agreement with the 0.29% value previously obtained in
a similar study for ILs from literature [100]. Normalized variables were used instead of
their absolute values in order to avoid the influence of the absolute value on the parameter
estimation. Dimensionless viscosity and 1/T, Y* and X*, respectively, take the values

between +1 and -1 as calculated by the eq.4.6 and eq.4.7:

Y, Y,
v —Y+( MAX'; MIN)

(4.6)

Yyax=Y
( MAX2 MIN)

X+ (XMA)(;XMIN )

X' = (XMAX;XMIN) (47)

The Yyiax and X4x are the maximum values of ln(p;’M) and 1/T. The Yy and
XymN are the minimum values. The values are showed in Table 4.4. To determine the
dependence of the contribution of each group (cation and anion), it is necessary to define
the descriptors for the MILs, shown in Table 4.5 and Table 4.6.
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Table 4.4: Absolute and normalized variables for MILs viscosity and temperature

Phosphonium-MILs T (K) 1/T(K™') In(y/pxM) Normalized 1/T Normalized In(1/p x M)

[Pees14]3[GdClg]  293.15  0.00341 2.76 -1.00 -0.48
298.15  0.00335 2.33 -0.84 -0.37

303.15  0.00330 1.99 -0.69 -0.28

323.15  0.00309 0.52 -0.13 0.11

373.15  0.00268 -1.79 1.00 0.72

[Pees14]2[MnCly]  293.15  0.00341 4.67 -1.00 -0.98
298.15  0.00335 4.28 -0.84 -0.88

303.15  0.00330 3.69 -0.69 -0.72

323.15 0.00309 2.63 -0.13 -0.44

373.15  0.00268 -0.02 1.00 0.25

[Pose14][FeCly] 293.15  0.00341 -0.01 -1.00 0.25
298.15  0.00335 -0.21 -0.84 0.30

303.15 0.00330 -0.43 -0.69 0.36

323.15  0.00309 -1.24 -0.13 0.57

373.15  0.00268 -2.87 1.00 1.00

[Pees14]2[CoCls]  293.15  0.00341 4.75 -1.00 -1.00
298.15  0.00335 4.36 -0.84 -0.90

303.15  0.00330 3.63 -0.69 -0.71

323.15  0.00309 2.68 -0.13 -0.46

373.15  0.00268 2.39 1.00 -0.38

The dimensionless viscosity can be calculated by this group contribution model, fol-

lowing Eq.4.2, rewritten in this context:

Y*:ni><(A*+B*><X*)+Z(A;f+3;xx*) (4.8)

From the results shown in Table 4.7 and Figure 4.1, it can be observed that there is a

negative anion contribution to the viscosity in the following order: [GdClg]3~ < [CoCl4]?~

< [MnCly]?~ < [FeCly]~, counteracting to the positive cation effect. Considering the

absolute parameters values, a higher anion contribution for the viscosity has been found

when comparing with the cation.
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Table 4.5: Group contribution to the dimensionless viscosity

Group Molecular descriptor
Cation
n Influence of the number of cations chains (1, 2 or 3)
A* and B* Influence of the phosphonium cation:[Pggg14]. 1 if it exists and 0 if not exists.
Anion
Al and B} Influence of the anion: GdClyg, 1 if it exists and 0 if not exists
A’ and B}, Influence of the anion: MnCly, 1 if it exists and 0 if not exists
A7 and B} Influence of the anion: FeCly, 1 if it exists and 0 if not exists
A and B} Influence of the anion: CoCly, 1 if it exists and 0 if not exists
Number of descriptors 11
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Figure 4.1: Normalized viscosity fitted for all the MILs by Orrick-Erbar correlation using
Fitteia software.

The temperature influence of the cation to the viscosity of MILs, is less relevant than

that observed for the contribution of the anions, as is shown by the negligible B value
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Table 4.6: MILs viscosity, dimensionless viscosity Y* and group contribution descriptors

PM}}‘iiphonium' UT(K™') In(g/pxM) v+ n A+ B A} Ay A} A, B, B, B} B
[Pse614]3[GdClg] 3 1.1 1 0 0 0 1 0 0 O
0.00341 2.76 -0.48
0.00335 2.33 -0.37
0.00330 1.99 -0.28
0.00309 0.52 0.11
0.00268 -1.79 0.72
[Pes614]2[MnCly] 2 1 1 0 1 0 0 0 1 0 0
0.00341 4.67 -0.98
0.00335 4.28 -0.88
0.00330 3.69 -0.72
0.00309 2.63 -0.44
0.00268 -0.02 0.25
[Pes614][FeCly] 1 1.1 0 0 1 0 0 0 1 0
0.00341 -0.01 0.25
0.00335 -0.21 0.30
0.00330 -0.43 0.36
0.00309 -1.24 0.57
0.00268 -2.87 1.00
[Peo614]2[CoCly] 2 1 1 0 0 0 1 0 0 0 1
0.00341 4.75 -1.00
0.00335 4.36 -0.90
0.00330 3.63 -0.71
0.00309 2.68 -0.46
0.00268 2.39 -0.38

(B* (K) = 0.07 £0.06).

Actually, the influence of temperature on the contribution of the anions to viscosity of
MILs is considerable and increases according to the following order (as it shown in Table
4.7): [CoCly]?~ < [FeCly]™ < [GACl4]*~ < [MnCl4]?>~. For the [CoCly]?~ magnetic anion,
the temperature has the lowest influence (B* (K) =0.088 + 0.05).

The experimental and calculated viscosities are shown in Figure 4.2, which shows the

parity plot.
The mean percentage deviation (MPD) obtained was 7.64% (similar to the 7.78%

value obtained for a similar study of ILs from the literature [100]). Table 4.8 presents
a resume of the main statistic parameters of the group contribution model of this work,
with a good agreement between experimental and calculated viscosity, described with a
R?=0.98.
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Table 4.7: Group contribution parameters fitted by Orrick-Erbar correlation eq 4.2 for
the normalized viscosity and temperature of the MILs

Phosphonium-MILs Contribution
A* B* (K) x2
28.8
Cation
[Pess1al™ 0.8+0.03  0.07+0.06
Anion
[GdClg]3~ -2.3+0.09  0.45+0.19
[MnCl4]?~ -2.0£0.06  0.47+0.13
[FeCly]™ -0.21+0.07  0.31+0.07
[CoCly]?” —-2.2+0.06 0.088+0.05
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Figure 4.2: Experimental and calculated dimensionless MILs viscosity results using
Orrick-Erbar correlation.

In order to compare the group contribution parameters with those described in the
literature [100], the absolute values have to be fitted to obtain the absolute parameters, A
and B, which are represented in Table 4.9.

Comparing the absolute values with the literature [100], there is a positive cation
contribution and a negative anion contribution for the ILs and MILs viscosity. Table 4.10
shows the cation’s contribution in the present work and in a previous literature study
[100].

From these comparisons it can be concluded that the phosphonium cation has a lower

contribution (A values) comparing with imidazolium, pyridinium and pyrrolidinium
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Table 4.8: Statistic parameters of the datasheet

Data Number 20
Maximum value (Y) 4.75
Minimum value (Y) -2.87

Average (Y) 1.71
Median 2.36

Standard deviation  2.30

Table 4.9: Absolute values of the parameters of Orrick-Erbar correlation for viscosity of
the MILs

Phosphonium-MILs Contribution
A B (K) x?
18.3
Cation
[Pess1al™ 1.48 £0.08 975+2.7
Anion
[GdClg]3~ —22.9+0.4 3426+129.3
[MnCly]?~ -19.8+0.02  4333+7.9
[FeCly]~ -14.3+0.01  2772+3.2
[CoCl4]?~ ~7.56+0.95 581+312.23

cations, and the temperature (B values) has a lower influence in the viscosity for the
phosphonium than the others cations. Table 4.11 shows the comparison of the anions
contribution in the present work and in a previous literature study [100].

In the anions contribution of MILs, the values of parameter A for the [FeCly]™ and
[CoCl4]?~ have the lowest contribution, comparing to other MILs and ILs for the reduction
of ILs viscosity. The temperature, parameter B, has the lowest influence in the [CoCl]*~
and [Tf,N]~ anions and the larger influence in [MnCly]>~ and [Cl]™ anions.
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Table 4.10: Comparison of the A and B parameters of Orrick-Erbar correlation for differ-
ent cations of MILs and ILs

ILs and MILs cations Contribution

A B (K)
Cations
Phosphonium! 1.48 975
Imidazolium? 6.56 1757
Pyridinium? 6.87 1704
Pyrrolidinium? 5.43 2233

Lpresent work 2literature [100].

Table 4.11: Comparison of the A and B parameters of Orrick-Erbar correlation for differ-
ent anions of MILs and ILs

ILs and MILs anions  Contribution

A B (K)

Anions
lGdclg)*~ 229 3426
HMnCly)?>~ -19.8 4333
lpeCly]~ -143 2772
l[CoCly)?~ -7.56 581
2[PFg]™ -20.49 2099
2[BF4]~ -18.1 1192
2[Tf,N]~ -17.4 510
2[c1)- -27.6 5458
2[CH3C00]~ 213 2742
2[MeSO4]~ -19.5 1733
2[EtSO4]~ -19.1 1587
2[CF3503]~ -17.7 906

Lpresent work 2literature [100].
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4.5 Conclusions

This work shows a group contribution method based on the Orrick-Erbar equation, for
the estimation of the influence of the temperature in the viscosity for a new class of
ionic liquids, the magnetic ionic liquids, based on the phosphonium cation with different
number of chains and distinct magnetic anions, which are: [Pggg14]35 [GAClg], [Pess14]2
[MnCly], [Pess14] [FeCly] and [Pgge14]2 [CoCly]. The model assumes the summation of
group contribution from cations and anions.

A data base with 20 points for a wide range of temperature 293.15-373.15K and
viscosity 44-123500 cP was used. The results obtained are comparable with a previous
study and show a 7.64% of mean percentage deviation (MPD) and R?= 0.98. This result
means that the calculated viscosities based on this model are in a good agreement with
the experimental values and, therefore this model is applicable for the prediction of
MIL viscosities. In this work the cations with different number of chains have a positive
contribution for the MILs viscosity and the anions a negative one. Further work will
expand this study in order to include new magnetic ionic liquids with other cations and

anions. Results agree well with previous literature data.
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CHAPTER

PERMEABILITY MODULATION OF SUPPORTED
MaGgNETIC JoNICc L1QUuiD MEMBRANES (SMILMs)

BY AN EXTERNAL MAGNETIC FIELD

Published as: E. Santos, ]. Albo, C. I. Daniel, C.A.M. Portugal, ].G. Crespo, A. Irabien, “Permeability modulation
of Supported Magnetic Ionic Liquid Membranes (SMILMs) by an external magnetic field”, Journal of Membrane
Science 430, (2013) 56-61.

5.1 Summary

This work is focused on the permeability modulation of Supported Magnetic Ionic Liquid
Membranes (SMILMs) for CO, separation, when applying an external magnetic field.
Four magnetic ionic liquids (MILs) have been studied ([Pggg14]2 [CoCly], [Pggs14] [FeCly],
[Poss14]2 IMnCly] and [Pggg14]3 [GAClg]) in combination with a commercial hydrophobic
PVDF porous support. An experimental evaluation of the membrane permeability was
carried out for CO,, N, and air.

The influence of the magnetic field on MILs viscosity was also studied, allowing to
establish the relationship between permeability and viscosity depending on the external
magnetic field. An external magnetic field between 0 and 2 Tesla increases the gas perme-
ability for CO,, N, and air without changing the permeability ratio and decreases MILs
viscosity, depending on the MILs magnetic susceptibility. The MIL [Pggg14]5 [GAClg]
shows the maximum CO, permeability increase (21.64%) in comparison with the result
when no magnetic field is applied. The permeability and viscosity product is a constant
with a different value for each SMILM studied. Experimental results confirm the poten-
tial for gas permeability modulation through supported liquid membranes by tuning the

external magnetic field intensity.
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5.2 Introduction

The permeability of CO, and N, through Supported Ionic Liquid Membranes (SILMs)
has been studied by immobilizing selected ionic liquids in polymeric porous commercial
supports [101, 102, 103]. The influence of pore size, the stability evaluation regarding its
hydrophobic or hydrophilic nature and the effect of water vapor in the gas stream has been
reported in literature [104, 105], however, there is not yet a clear understanding of this
process [106]. Although SILMs present advantages due to room temperature ionic liquids
(RTILs) properties, their applications are still limited mainly associated to problems in
their stability and long-term behavior [105].

Gas permeability and selectivity are the fundamental parameters characterizing mem-
brane gas separation. There is a general trade-off between both parameters, and for
polymeric materials this relationship is identified by the “upper bound” limit observed
for different materials in gas separation [107, 108]. The development of new materials
exceeding this trade-off line represents a main challenge in CO,/N, separation.

The magnetic behavior of a new generation of RTILs containing metal ions is recently
under study in the literature. The combination of general RTILs features (e.g. chemical
and thermal stability, non-volatile character and non-flammability) with new properties,
due to the incorporation of a metal ion, has opened a new research area which is starting
to attract a wide interest. Some applications for MILs have been shown in the literature
including catalysts [37, 109] or electrochromic devices [38].

The innovative character of the study comes from the unique combination of the
use of membranes incorporating MILs based on different magnetic anions for selective
and tunable transport of gases by applying an external magnetic field, which allows
the development of a new generation of novel stimuli-responsive membrane separation
processes. The possibility of permeability modulation might offer the development of
new applications for MILs.

The MILs 1-butyl-3-methylimidazolium tetrachloroferrate [Cymim][FeCl,] and 1-
buty- ronitrile-3-methylimidazolium tetrachloroferrate [n-bmim|[FeCl,] were the first
reported MILs to respond to an external neodymium magnet of about 0.55 Tesla, possible
due to changes of its organization structure [20, 110]. Del Sesto et al. [39] reported MILs
based on different transition metal ions such as iron, cobalt, manganese or gadolinium
showing a very interesting magnetic response with potential applications for magnetic
and electrochromic switching. Hamaguchi et al. [40] demonstrated the possibility of mag-
netic transport of a gas in MILs, illustrated by the change in N, bubbles trajectory of in
the presence of a magnetic field.

The application of an external magnetic field may modify the physico-chemical prop-
erties, such as solubility or surface tension, by tuning the magnetic conditions. The
dependence between the magnetic field intensity and the binary MIL/water equilibrium
has been also observed, showing the increase of solubility of MILs in aqueous medium

[19], which could improve the process efficiency. Other recent applications, have shown
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a benzene solubility increase in the paramagnetic MIL [bmim|[FeCl,] when applying a
rotational magnetic field [21] or the improvement of phenolic compounds extraction in
the MIL [Pggg14][FeCly] in the presence of a neodymium magnet [41].

In a previous work [36], MILs with different magnetic susceptibility based on phospho-
nium cation were incorporated to hydrophobic and hydrophilic PVDF porous supports
obtaining stable SMILMs for CO, permeation. An evaluation of the membrane stability
was carried out and CO,, N, and air permeabilities for SMILMs, were experimentally
determined. Pure gas permeation results demonstrated that these SMILMs showed much
higher CO, permeabilities (147-259 Barrer) when comparing with N, (5-7 Barrer) or air
(7-12 Barrer).

This work shows the influence of an external magnetic field in gas permeability (CO,,
N,, air) of SMILMs, containing phosphonium based MILs due to the paramagnetic nature

of the anion, leading to modulate the gas permeability.

5.3 Experimental

5.3.1 Materials

The gases used in the experiments were nitrogen (99.99% purity), carbon dioxide (high-
purity grade (99.998%) and air (20% O,, CO, <1ppm, CO< 1ppm, H,O < 3ppm and N,
rest to balance (99.999% purity)) all of them obtained from Praxair (USA).

The MILs based in the phosphonium cation studied in the present work are:

- Trihexyl(tetradecyl)phosphonium hexachlorogadolinium: [Pgge14]5 [GAClg]

- Trihexyl(tetradecyl)phosphonium tretrachloromanganate: [Pggg14], [MnCly]

- Trihexyl(tetradecyl)phosphonium tretrachloroferrate: [Pggg14] [FeCly]

- Trihexyl(tetradecyl)phosphonium tretrachlorocobaltate: [Pggg14], [CoCly]

All the ionic liquids used were prepared in Faculdade de Farmdcia, Universidade de
Lisboa (Portugal), by the group of Prof. Carlos Afonso, according to published proce-
dures [36, 39]. Their molecular weight, density, solubility and magnetic susceptibility
are listed in Table 5.1. MILs density was evaluated gravimetrically with a pycnometer,
CO, solubility was experimentally obtained by a thermogravimetric system at room tem-
perature and atmospheric pressure while the magnetic moment measurement procedure
was previously described [35, 36]. MILs water content was previously reported [36] and

experiments were carried out under the same conditions (water content and humidity).

5.3.1.1 Gas Permeation experiments in Supported Magnetic Ionic Liquid
Membranes (SMILMs)

The SMILMs were prepared using commercial microporous membranes from Millipore
Corporation (USA). These supports are hydrophobic polyvinylidene fluoride (PVDF)
membranes with a pore diameter of 0.22 pm and an average thickness of 125 pm. The

immobilization procedure has been previously described [36]. To immobilize the MILs,
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Table 5.1: Main properties of the Magnetic Ionic Liquids (MILs) studied.

MILs Molecular Weight  Density  CO; solubility =~ Magnetic susceptibility
(g mol 1) (g cm™3) (% wt.) (emu.K.mol™1)
[Peos14]2[CoCly] 1112 0.965 0.40 2.10
[Peo614][FeCly] 681.51 1.012 0.50 4.29
[Pess14]2[MnCly] 1103 0.956 0.36 423
[Peso14]3[GAClg] 1821.54 0.982 0.25 6.51

the polymeric microporous membrane was introduced into a vacuum chamber for 1h
in order to facilitate the wetting. Afterwards, drops of MILs were spread out at the
membrane surface using a syringe keeping the vacuum inside the chamber and, finally,
the liquid excess on the membrane surface was wiped up softly with a tissue. The increase
of weight and thickness was measured before and after the immobilization procedure.

The experimental setup used for the gas permeation measurements has been previ-
ously described elsewhere [36]. Basically, it is composed by a polyvinylidene fluoride
(PVDEF) cell supplied by Micrux Technologies (Spain) divided by a membrane with an ef-
fective area of about 12.6 cm? into two compartments. A driving force of around 0.45 bar
was established between both compartments leading to a flux across the membrane. The
pressure change in both compartments over time was followed using two pressure trans-
ducers (Omega, UK). The temperature was controlled at 293.15K during the experiments
using a water electromagnet chiller.

The influence of the application of an external magnetic field in the separation perfor-
mance was evaluated using a GMW Dipole Electromagnet (Model 3473-70, USA) which
provides magnetic fields up to 2.5 Tesla accepting pole gaps ranging from 0 to 100 mm.
Permeation experiments were carried out in a vertical cell disposition with membrane
pores perpendicularly positioned towards the electromagnet poles. A uniform magnetic
field was applied along the membrane surface as shown in Figure 5.1.

The gas permeation through SILMs follows three different steps: (i) the solute molecule
sorption into the feed/membrane interface, (ii) gas diffusion across the membrane, and
(iii) desorption at the opposite side of the membrane. The sorption/desorption equilib-
rium depends on the solubility while the CO, permeability is also connected with the
gas diffusion through the membrane. In general, gas permeability (P) is related to gas
partition coefficient (H) and diffusivity (D) following the solution-diffusion mechanism
[111]:

P=H.D (5.1)

Gas permeability, P (Barrer), was calculated under room temperature and atmospheric
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Figure 5.1: Experimental setup for CO, separation in the presence of an external mag-
netic field.

pressure from the feed and permeate compartments pressure data as previously described

[36] according to eq.5.2:

D.H.B,
01

IH[M]:M(APO):( ).t (5.2)

[pfeed - pperm] Ap
where pr..q and pye,, are the pressure in the feed and permeate compartments respec-
tively (Pa), D diffusivity (m? s7!), H partition coefficient (-), f; geometric factor (m™),
t time (s) and 0; membrane thickness (m). Permeability, P(Barrer), is obtained from
the product of diffusivity and partition coefficient [111] while ideal selectivity can be

calculated by the ratio between the permeabilities of two pure different gases.

5.3.1.2 Experimental viscosity determination

The influence of the application of an external magnetic field in the MILs viscosity is
measured using Cannon-Ubbelohde glass capillary viscometers size 5 (9721-R95), 3C
(9721-R80) and 4C (9721-R89) depending on each MIL viscosity. These capillaries were
manufactured and calibrated by Cannon Instrument Company (USA) having deviations
from the mean smaller than +0.2%. Sets of six measurements were performed. The
influence of the application of an external magnetic field in MILs viscosity was also
evaluated using the GMW Dipole Electromagnet applying magnetic field intensities from
0 to 2 Tesla.

5.4 Results and Discussion

5.4.0.1 Permeability-viscosity data in the absence of a magnetic field

Gas permeability through SMILMs and MILs viscosity has been measured in the absence
of a magnetic field [36]. CO, permeability was measured using hydrophobic PVDF mem-
branes as supporting material obtaining permeabilities between 117-198 Barrer. MILs

based on the phosphonium cation studied in the current work present viscosity values
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ranging from 749-110060 cP which are, except the iron based MIL, higher than the phos-
phonium based RTILs reported in the literature [112].

Figure 5.2 shows CO, permeability versus RTILs viscosity in a log-log plot assuming
a constant partition coefficient (H). The Wilke-Chang equation [33] considers a strong
diffusivity dependence on viscosity of dilute solutions (P.H o« D o 17!). Additionally,
Scovazzo [107] proposed a model where the relationship between CO, permeability and
ionic liquid viscosity in a log-log plot is a line with slope equal to -0.388, showing lower
viscosity dominance in determining CO, permeability in SILMs for viscosity values in
the range of 25-3000 cP. Present work extends this correlation by including MILs with
higher viscosity obtaining a slope of -0.278 including the literature data reported in Table
5.2[107,112].
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Figure 5.2: Correlation for CO, permeability versus viscosity.

5.4.0.2 Separation performance of SMILMs in the presence of an external magnetic
field

The influence of the external magnetic field on membrane permeability was studied for
CO,, N; and air. Permeability was calculated as the linear relationship between the
driving force versus time according to eq. 5.2 at different magnetic field intensities
ranging from 0 to 1.5 Tesla at 298.15K.

Table 5.3 shows the CO,, N, and air permeability, the maximum gas permeability
increase (A P) at 1.5 Tesla magnetic field intensity, and the gas permeability ratio. The
permeation ratio shows that SMILMs are highly selective for CO, when comparing with
N, and air. The magnetic field leads to slight increase of the gas permeability but it does
not show any influence on CO,/N; and CO,/air permeability ratio.

An increase in gas permeability will decrease the effective membrane area required
to perform the gas separation performance while the constant permeability ratio hinders

the achievement of the target purity. It is important to note that the presence of an
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Table 5.2: Literature data used for the permeability-viscosity correlation shown in Figure

5.2
Abbreviation Ionic Liquid PCO,  Viscosity
(Barrer) (cP)
Imidazolium-RTILs
[emim][Bfy] 1-Ethyl-3-methylimidazolium tetrafluoroborate 968.5 37.7
[emim][Tf,N] 1-Ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 1702.4 26
[emim][Pfg] 1-Ethyl-3-methylimidazolium hexafluorophosphate 544.3 176
[emim][dca] 1-Ethyl-3-methylimidazolium dicyanamide 1237.3 21
[bmim][Tf;N] 1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 1344.3 52
[emim][TfO] 1-Ethyl-3-methylimidazolium trifluoromethanesulfone 1171.4 45
[Cemim][TfrN] 1-Hexyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 1135.8 55
[bmim][BETI] 1-Butyl-3-methylimidazolium bis(perfluoroethylesulfonyl)imide 991.4 77
Ammonium-RTILs
[N1444][TfrN] Trimethyl(butyl)Jammonium bis((trifluoromethyl)sulfonyl)imide 523.9 386
[Ng111][TfaN] Tributhyl(methyl)ammonium bis((trifluoromethyl)sulfonyl)imide 830.5 71
[Ng111][Tf2N] Trimethyl(hexyl)ammonium bis((trifluoromethyl)sulfonyl)imide 943.2 100
[N1o111][Tf2N] Trimethyl(decyl)ammonium bis((trifluoromethyl)sulfonyl)imide 800.4 173
[N1ggs][TfrN] Trioctyl(methyl)ammonium bis((trifluoromethyl)sulfonyl)imide 619.4 532
[Ng222][TfoN] Triethyl(hexyl)ammonium bis((trifluoromethyl)sulfonyl)imide 630.3 167
Phosphonium-RTILs
[Pes614][Cl] Trihexyl(tetradecyl)phosphonium chloride 426.6 1316
[P44414][DBS] Tributyl(tetradecyl)phosphonium dodecylbenzenesulfonate 231.7 3011
[Pes614][TE2N] Trihexyl(tetradecyl)phosphonium bis((trifluoromethyl)sulfonyl)imide 689.1 243
[Pges14][dcal Trihexyl(tetradecyl)phosphonium dicyanamide 513.7 213
[P44414][DEP] Tributyl(ethyl)phosphonium diethylphosphate 453.4 207
2Phosphonium—MILs
UPge614]3[GdClg] Trihexyl(tetradecyl)phosphonium hexachlorogadolinium 198.8 27650
HPge614]2[MnCly] Trihexyl(tetradecyl)phosphonium tretrachloromanganese 161.3 110060
Pgs614][FeCly] Trihexyl(tetradecyl)phosphonium tretrachloroferrate 198.4 749
UPge614]2[CoCly] Trihexyl(tetradecyl)phosphonium tretrachlorocobalt 117.9 107700

Data for 30 °C otherwise noted. ! Data at 20 °C. 2Present work.

external magnetic field increases the individual gas permeability without changing their

permeability ratio.

The Robeson upper bound correlation for CO, permeability versus ideal CO,/N,

selectivity [108] was used in order to evaluate the CO,/N, separation performance of

these systems. Experimental results obtained on this work are below this limit, although

the separation performance is enhanced since gas permeability increases in the presence

of an external magnetic field.
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This behavior may be related to physical properties or molecular structure changes
of the ionic liquid immobilized inside the membrane pores in the presence of a magnetic
field. Figure 5.3 presents CO,/N; and CO,/air separation performance enhancement for

all the researched systems when a 1.5 Tesla magnetic field is applied.

Table 5.3: Gas permeability (P) increase at 1.5 Tesla intensity magnetic field and gas
permeability ratio.

SMILMs Gas P (Barrer) AP Pco2/Pn2 Pco2/Pair
0 Tesla 1.5 Tesla (%) OTesla 1.5Tesla 0Tesla 1.5Tesla

[Pese14]2[CoCly]  CO, 117.9+42 1241451 5.2
N,  49+02 53+0.2 56 237 23.6 14.1 14.2
air  8.4+0.3 87+04 41

[Peso14l2[MnCly] CO, 161.3+4.1 177.8+43 10.2
N, 4101 47402 136 392 38.1 26.5 26.4
air  6.1+0.3 6.7+03  10.7

[Peeor4][FeCly]  CO, 198.4+3.9 2322436 17.0
N,  8.0%0.2 93+0.2 159 248 25.0 20.2 19.9
air  9.8+04  11.6+0.3 18.8

[Peee14]3[GdClg] CO, 198.8+3.5 241.8+3.2 21.6
N, 5702 6.9+0.2 212 346 34.7 19.1 19.3
air  10.4+0.3  125+0.4  20.5

1000 & [Pasaia][CoCla](0T)
O [Pssa4][FeCL](0T)
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100 O [Pessl[MaCL(0T)
Z
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Figure 5.3: Upper bound correlation for CO,/N, separation (1 Barrer =

1071%cm3 (STP)em cm =2 s~! cmHg™!)

5.4.0.3 Permeability dependence on magnetic susceptibility

Gas permeability increases as a function of the applied magnetic field depending on the

MILs magnetic susceptibility, x,,r, ranging from 2.10 to 6.51(emu.K. mol™!). Figure 5.4
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shows the influence of the permeability increase at 1.5 Tesla for different MILs, depending
on their magnetic susceptibility. An increase of 3.27% in permeability can be expected
per unit of magnetic susceptibility under 1.5 Tesla of magnetic field applied.

Therefore, the dependence of gas permeability with MILs magnetic behavior when
applying an external magnetic field, confirms the potential to modify gas transport of
different species through SMILMs allowing the permeability modulation by tuning the

magnetic field.
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Figure 5.4: Gas permeability behavior depending on MILs magnetic susceptibility.

5.4.0.4 Influence of the magnetic field on MILs viscosity and CO, permeability of
SMILMs

Figure 5.5 shows the behavior of CO, permeability ratio, P(g)/P(q), with different magnetic
field intensities ranging from 0 to 1.5 Tesla. Again, a magnetic field intensity increase
reveals an increase in the gas permeability depending on the MIL magnetic susceptibility.
The comparative analysis between all the studied MILs shows a higher effect of the appli-
cation of an external magnetic field in CO, permeability for MILs with higher magnetic
susceptibility values.

Table 5.4 presents MILs viscosity in the presence of a magnetic field intensity ranging
from 0 to 2 Tesla. Note that viscosity values are two orders of magnitude higher for
[Pos614]3[GdClg] and three for [Pgge14]2[CoCly] and [Pggg14]2[MnCly] when comparing
with [Pgee14][FeCly].

5.4.0.5 Permeability-viscosity correlation in the presence of a magnetic field

Figure 5.6 shows the relationship between the permeability and viscosity under the mag-
netic field intensities tested in a dimensionless form referred to the result in absence of

magnetic field. The fitting for all data shows a value close to unity from the slope and
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Figure 5.5: CO, permeability ratio (P(g)/P g)) at different magnetic field intensities.

Table 5.4: MILs viscosity at different magnetic field intensities from 0 to 2 Tesla.

MILs 1 (cP)

0 Tesla 0.5Tesla 1.0Tesla 1.5Tesla 2 Tesla

[Pess14]2[CoCly] 107700 95230 94170 93510 88950
[Pess1al[MnCly] 110060 108360 107360 105730 100190
[Pges14][FeCly] 749 719 702 693 672

[Pesc1al3[GACls] 27650 27530 25600 24290 23550

therefore, an inverse dependence for all the studied MILs is found, following the Wilke-
Chang model D o 177. This result suggests that the product of permeability and viscosity
is a specific constant (C) for each SMILM tested and independent of the applied magnetic
field according to eq. 5.3:

Pg.1ig = Py.1jo = C(SMILMss) (5.3)

The constants (C) obtained from eq. 5.3 are reported in Table 5.5. These numbers de-
scribe the constant behavior of the product permeability - viscosity at different magnetic
fields or without magnetic field for each SMILM.

This work has shown the permeability modulation in membranes including MILs
in their porous structure. The external magnetic field produces a viscosity variation
leading to tunable gas permeability. These innovative results open up the possibility for

new developments based on the external magnetic field and permeability modulation in
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Figure 5.6: CO, permeability vs.MILs viscosity ratio

Table 5.5: Gas permeability - viscosity product for the different SMILMs studied.

MILs C.10'° (Kg.m.s~2)=Py.19
[Pes614]2[CoCly] 105
[Pe6614]2[MnCly] 147

[Pesos14][FeCly] 1.23
[Pess14]3[GdCl¢] 45.6

SMILM:s. In the present study, the permeability modulation by an external magnetic field
has been experimentally shown in the CO,, N, and air permeation through SMILMs.

5.5 Conclusions

This work has been able to show the influence of the external magnetic field application on
gas permeability (CO,, N, and air) through SMILMs in the range of 0-1.5 Tesla. The gas
permeability variation is related to the MILs viscosity change. Experimental results show
that gas permeability increases as a function of the applied magnetic field depending on
the magnetic ionic liquid, while the permeability ratio (Pcp,/Py;) remains constant.
An influence of the magnetic field in MILs viscosity, decreasing as a function of the
magnetic field intensity, has been shown. The permeability and viscosity product is a
specific constant for each SMILM and independent of the applied magnetic field. The
change on gas permeability and MILs viscosity when applying an external magnetic field
describes the modulation effect of permeability by tuning the magnetic field intensity.
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6.1 Summary

The present work evaluates the influence of magnetic field on the transport of two model
organic compounds, ibuprofen and « - pinene, through supported magnetic ionic liquids
membranes (SMILMs). The membranes studied were prepared by incorporation of mag-
netic ionic liquids (MILs), [C;1H;;N,0]3[GdCl;3Br3], [C4ymim|[FeCly] and [Cgmim|[FeCly],
which act as liquid carriers. Transport studies were conducted in the absence and pres-
ence of a magnetic field with an intensity of 1.2 T.

The results obtained show that the magnetic field increases the diffusion coefficient of
ibuprofen and a — pinene, improving their transport through the SMILM. The two trans-
port studies performed, a - pinene in dodecane through a SMILM with [Cymim][FeCly],
and « - pinene in hexane through a SMILM with [Cgmim|[FeCly], revealed a permeability
increase of 51% and 29% respectively when exposed to the magnetic field, whereas trans-
port studies of ibuprofen in dodecane through [C;;H,;N,0]3[GdCl;Br3] MIL showed a
permeability increase of 59% under the same magnetic field conditions.

The analysis of the magnetic field influence on solute permeation revealed that the
permeability increase observed cannot be solely interpreted due to a decrease of MILs

viscosity induced by the magnetic field. The magnetic dependence of solutes solubility
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in the MILs should also be considered.

6.2 Introduction

Supported liquid membranes (SLMs) have been recognized as a sustainable alternative
to improve the performance (permeability and selectivity) of the several separation pro-
cesses [23, 113, 114, 115]. The use of SLMs finds particular interest for the removal
of specific contaminants from effluents, recovery of metal ions from aqueous solutions,
CO; capture and solute separation from gas mixtures 3, 4, 5]. However, the applica-
tion of these membrane processes has been limited due to their instability and short
term-performance which lead to reduced membrane fluxes and selectivities.

Different strategies, such as the adequate design of the SLM and the contacting phases,
moderate operating conditions or protection of the supported membrane with a gel layer
[116, 117] have been followed aiming to minimize the stability problems. SLMs generally
allow for high selective separations, ruled by the chemical affinity and the diffusion of
a specific solute towards to the liquid phase immobilized within the membrane porous
support.

Some of the most interesting carriers in SLM systems are Ionic Liquids (ILs) which,
due to their unique physicochemical properties, present some advantages over other
alternatives. ILs are comprised entirely by ions and are liquid salts over a wide range
of temperatures (including room temperature), presenting extremely low volatility, high
thermal stability and thermal capacity, are non-flammable and reusable. Moreover, it is
possible to adjust their physicochemical properties for their use in specific tasks, through
suitable molecular designing attained by the selection of specific cations and anions [24].

A new class of ILs, the magnetic ionic liquids (MILs), has been recently obtained by
substitution of the anion for other containing a paramagnetic metal complex. Responsive
materials have been recently explored to use in membrane separation in different applica-
tions [118, 119]. MILs are included in these responsive type of liquids which are capable
of changing their physicochemical properties when exposed to an external magnetic field
(19, 20, 34, 35].

The possibility to module MILs properties based on their magnetic susceptibility was
initially unveiled by the work performed by S. Lee et al [19] where the influence of the
magnetic field strength on the solubility of MILs in water was evidenced by the differences
in the MILs concentrations in water mixtures. Later, in a work from Y. Jiang et all [21] was
observed that solubility of benzene in the paramagnetic MIL [bmim][FeCly] increased
when a rotational magnetic field was applied. It was found that MILs exhibit magnetic
dependent viscosity.

The viscosity of MILs containing different paramagnetic anions, [Pggg14]3 [GdClg],
[Poss14]2 IMnCly], [Pgee14] [FeCly] and [Pgeg14]o [CoCly], decreases in the presence of a
magnetic field with intensities up to 2 Tesla [75] as showed in the Chapter 5. Further-

more, as described in the Chapter 2 a recent comparative ' H-NMR study of the molecular
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dynamics of two ionic liquids, a non-magnetic and a magnetic ionic liquid, showed the
relation between viscosity and the self-diffusion of the pure ionic liquids in the presence
of a strong magnetic field. This study showed that the self-diffusion coefficient increases
when the magnetic field is applied, in agreement with the decrease of the MILs viscosity
[74]. Since the macroscopic properties of MILs are related with their molecular structure,
it is expected that the local magnetic structures play a key role in the MILs response
to an external magnetic field [20]. The influence of the magnetic field on the physic-
ochemical properties of MILs might be explained by the dependence of the structural
arrangement and molecular orientation of the ionic paramagnetic network components.
Such dependence suggests that the magnetic field can control the charge density, solu-
bility or the capacity to solvate different chemical compounds in the MILs, causing a
significant impact on solute transport through the MIL’s medium.

Recently, some potential applications of MILs in the development of magnetic fluids
based on nanoparticles, in catalysis, extraction processes and in electrochromic devices,
have been demonstrated. [37, 38, 109]. The potential impact of MILs on solute trans-
port was evidenced by the work of Hamaguchi et al. [40] that showed the deviation of
the ascending trajectory of N, bubbles through MILs bulk solution in the presence of a
magnetic field. The improvement of phenolic compounds extraction with the [Pggg14]
[FeCly] MIL in the presence of a neodymium magnet was recently demonstrated [41]. A
previous study focused on CO, permeation through different SMILMs — Supported Mag-
netic Ionic Liquid Membranes [75] described in Chapter 5 showed a successful magnetic
modulation of CO, and N, transport through these membranes. That study shows that
the CO, and N, permeability increases in the presence of magnetic fields up to 1.5 Tesla.
In addition, the increase of the gas permeability was found to be proportional to the MILs
magnetic susceptibility. A maximum increase of CO, permeability of 21.6% was obtained
for CO, transport through SMILMs incorporating [Pgee14]3 [GdClg] MIL, performed in
the presence of a magnetic field of 1.5T [75].

This work aims at studying the potential impact of the magnetic field on the trans-
port of two model organic species, ibuprofen and « - pinene, in organic media, through
supported magnetic ionic liquid membranes (SMILMs). Ultimately, it is our goal to infer
about the possibility of modulating, non-invasively, the transport of solutes in SMILMS,
envisaging the design of SMILMs for small scale purification processes, where the selec-

tive recovery of added-value organic species is a priority issue.

6.3 Experimental

6.3.1 Materials and Methods
6.3.1.1 Magnetic Ionic Liquids (MILs)

Three distinct MILs, [C11H,1N,O]3[GdCl;Br;], [C4mim][FeCly] and [Cgmim][FeCly] pre-
sented in Table 6.1, were selected for the transport studies based on their polarity and
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their low solubility in two different organic solvents, dodecane and hexane, used in feed
and stripping phases, in order to avoid their displacement from the membrane porous
support, assuring the structural and chemical stability of SMILMs along the transport

process.

Table 6.1: MILs properties

MILs Structure Molecular Weight (g mol 1) Density (g cm™3)  Fe3* or Gd (%)

S
[ H\;[\ TNOH| GdClLBr,

[C11H,1N,0]3[GdCl3Br3] 538.91 1.465 Gd3+ (12.83)
ci
~ I
Nl C—Fe—0Cl
[C4mim][FeCly] “ 336.88 1.365 Fe3* (16.39)
N{; PR cn—j;'—cl
[Cgmim][FeCly] ! 392.98 1.189 Fe3* (9.97)

[C4mim][FeCly] - 1-butyl-3-methylimidazolium tetrachloroferrate and [Cgmim|[FeCl,]
- 1-octyl -3-methylimidazolium tetrachloroferrate were synthesized, according to the ex-
perimental procedure described in the literature [36, 39]. [C;1H;;N,0]3[{GdCl3Br3] MIL
was synthesized, using the method described below.

A mixture of (R)-1-butyl-3-(3-hydroxy-2-methylpropyl)imidazolium bromide (18.0
g, 64.9 mmol, 3 eq) and gadolinium(III) chloride hexahydrate (8.05 g, 21.64 mmol, 1
eq) in methanol (100 ml) was allowed to stir overnight (15 h). The solvent was removed
by rotary evaporation and then dried under high vacuum for 12 hours affording desired

product in nearly quantitative yield (23 g, 97%).

All other chemicals were purchased from Aldrich, Acros solvents and inorganic chem-
icals were purchased from Lach-Ner company S.R.O., Czech Republic. Commercially
available reagents grade materials were used as received. The density of synthesized
MILs was measured gravimetrically using a pycnometer and the percentage of magnetic
elements, Fe>* and Gd3*, in each sample was determined by ICP - Inductively coupled

plasma.

6.3.1.2 Model organic Solutes

Ibuprofen (206.27 gmol~!, in racemic form) and a — pinene (136.23 gmol~!) were se-
lected as model compounds for the diffusional transport studies. Solute selection was
based on their properties and applications. Ibuprofen is an amphiphilic compound and
the a - pinene is a hydrophobic molecule, being of interest in a wide range of medical,

pharmaceutical and food applications.
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6.3.1.3 Preparation of Supported Magnetic Ionic Liquid Membranes (SMILMs)

SMILMs were prepared by immobilization of MILs in commercial microporous polyvinyli-
dene fluoride (PVDF) membranes from Millipore Corporation (USA), with an average
pore of diameter (0.22 ym). The hydrophobic character of these PVDF membranes assures
a stable immobilization of MIL within the membrane porous support structure [36].
Prior to MILs incorporation, the polymeric microporous membrane was degassed by
incubation into a vacuum chamber for 3h, at 50 °C, in order to remove the air from the
pores. MILs were spread at the membrane surface using a syringe, keeping the same
vacuum and heating conditions in order to reduce MILs viscosity and facilitate their pen-
etration into the porous structure. Upon MILs immobilization, the excess of liquid on
the membrane surface was cleaned with a tissue. Finally, the amount of liquid impreg-
nated in the membrane was determined gravimetrically and the membrane thickness was

measured before and after MILs incorporation using a micrometer.

6.3.1.4 Transport studies

The selection of feed and stripping phases was done based on the results of preliminary
stability studies. The stability of the SMILMs was evaluated by the performance of contact
tests to determine possible displacement of MILs from the porous support. In the contact
experiments, two organic solvents were tested, dodecane and hexane, and three different
MILs: [C4mim][FeCly], [Cgmim][FeCly] and [C;;H,;N,0O]3[GdCl3Br3].

8 mL of different organic solvents were put in contact with SMILMs with an effec-
tive membrane area of 1.77 cm?. Membrane area was selected taking into account the
solvent volume used, in order to mimic the solvent volume/SMILMs area in the diffu-
sion cell. Based on these tests, a - pinene diffusion was performed through two distinct
SMILMs incorporating [Cymim|[FeCl,] and [Cgmim|[FeCly], using dodecane or hexane
as feed and stripping solvents. Ibuprofen transport was conducted through a SMILM
with immobilized [C;;H;1N,0]3{GdCl3Br;] and using dodecane as feed and stripping
solvent.

The transport of ibuprofen and «a - pinene was performed in a glass cell with two
independent feed and receiving compartments of 40mL each, divided by the magnetic
membrane with an effective area of 9.6 cm?. Feed and receiving phases were stirred by
pump recirculation or N, bubbling. The experiments were performed in the absence and
in the presence of an external magnetic field with an intensity of 1.2 Tesla. The magnetic
field was provided by a GMW Dipole Electromagnet 3473-70 comprising two poles of
75 mm of diameter from GMW Associates, USA.

In the first set of experiments, a - pinene transport studies were performed using a
solution of 0.3 M of « - pinene in hexane as feed phase and pure hexane as stripping
phase. a - pinene transport was followed for 31h, at a constant temperature of 24 °C+1°C.
Feed and receiving phases were sampled (100 yL) in regular time intervals. In a second

set of experiments « - pinene transport was also performed using dodecane as solvent in
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the feed and stripping phases. A solution with an initial concentration of a -pinene of 0.3
M was used as feed phase. Each run was performed for 5 days at constant temperature of
26 °C+1°C, in the absence and presence of magnetic field with an intensity of 1.2T. The
a - pinene transport to the receiving phase was followed by periodic sampling of 500 uL
from each phase along time.

A second transport case study was performed using ibuprofen as model solute. 3.5 x
1073 M of ibuprofen in dodecane was used as initial feed solution, whereas pure dodecane
was used as a receiving solution. The transport of ibuprofen was performed for 5 days at
constant temperature of 21 °C+1°C in the absence and presence of magnetic field.

Figure 6.1 shows the experimental set-up used in all transport experiments, consisting

on a diffusion cell installed within the electromagnet poles.

i,
A \ 4

Figure 6.1: Experimental set-up showing the diffusion cell placed between the electro-
magnet poles during a transport study.

6.3.1.5 Analytical methods

The a - pinene concentration in both feed and stripping compartments, was analyzed
over time using a gas chromatograph, GC (Varian GC) equipped with a flame ioniza-
tion detector (FID). Gas Chromatography (GC) analysis were performed using a silica
column, Zebron-5 (30 m length, 0.25mm internal diameter, 0.25 ym film) coupled to
a precolumn. The injector and detector temperatures were set at 280 °C and the oven
program temperature was varied from 50 to 300 °C. A split ratio of 1:50 was used and

! was applied. Limonene was used as the internal standard.

a helium flow of 1mLmin~
The chromatograms obtained were analyzed with the Varian software for determination
of the chromatographic areas corresponding to the target compounds.

The transport of ibuprofen was followed by HPLC analysis of feed and receiving
phase samples using a Hychrom Hypersil - 5APS column. The samples were eluted using
a solution containing n-98% of hexane, 2% of isopropanol and 0.1% of trifluoroacetic

acid, at a flow rate of 1mLmin~!, 25°C and using a UV detector at A of 254 nm.
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6.3.1.6 Viscosity Measurements

The viscosity of the MILs, [C;1H,;N,0]5[GdCl;Br3], [C4ymim][FeCly] and [Cgmim|[FeCl,]
was measured using a glass capillary viscometer, Cannon 4c), Ubbelohde Viscometer —
IT c) and III c) respectively, in the presence and absence of a magnetic field in order to
evaluate the magnetic dependence of viscosity of each MIL [74, 75]. The viscometer was
mounted within the electromagnet, by centering the capillar viscometer region within
the poles. The viscosity of MILs was determined at 25°C+1°C and different magnetic
field intensities between 0 and 2 Tesla. The viscosity values resulted from the average of

three to six measurements, with deviations from the mean value smaller than +0.2%.

6.4 Results and Discussion

6.4.0.1 Transport results

Preliminary contact tests were performed to evaluate possible membrane instability, due
to the displacement of MILs from the porous PVDF support. The displacement of MILs
from PVDF supports was accessed based on the quantification of Fe and Gd (metal el-
ements present in each MIL structure) in the contacting solvent, along time, by ICP
analysis. It was noticed that for the two solvents and the three selected MILs there was
no displacement of the ionic liquids from the porous supporting membranes.

Identical procedure was followed to inspect the displacement of MILs in feed and
stripping phases during the transport studies. It was noticed that all feed and stripping
samples were absent of iron or gadolinium at the beginning of the contact process. Only
vestigial amounts (0.008%)of these elements were found in final samples evidencing that
the SMILMs membranes remain stable through transport processes. In order to analyze
the influence of magnetic field on the transport of solutes through SMILMs using an
external magnetic field, a - pinene and ibuprofen transport studies were performed in
the absence and presence of a magnetic field with an intensity of 1.2T.

The first set of experiments was performed to study the influence of magnetic field
on « - pinene transport. The transport of a -pinene was studied using two different
systems 1) transport of « - pinene from hexane/«a - pinene feed mixtures to pure hexane
receiving phases through a SMILM with [Cgmim][FeCly] and 2) transport of a - pinene
from dodecane/a - pinene feed mixtures to pure dodecane receiving phases, through a
SMILM with [C4ymim][FeCly]. In a second experimental set it was studied the transport
of ibuprofen in dodecane feed phase to dodecane receiving phase, through a SMILM with
immobilized [Cy1H,;N,0];5[GdCl3Br3].

The solute mass transfer coefficients obtained in these experiments were determined
using the diffusional model, which considers the solute concentration difference between
feed and stripping compartments as the driving force for solute transport. Furthermore,
it was assumed that the membrane liquid phase offers the highest resistance to solute

transport, which is reasonable considering the viscosity of the liquid phases involved.
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Therefore, the resistances to mass transport in the feed and stripping phases were ne-
glected. The solute concentration profiles along time, in the feed and stripping phases,
are usual described using the flux equations eq. 6.1 and 6.2. These equations relate
the solute flux with the driving force evolvement along time, in both feed and stripping

phases.
Ve dC
Jp==3t - =K(Cr=Cs) (6.1)
m
Vs dC
ISZA—Sd—tSZK(CP—Cs) (6.2)
m

where, Jr and Jg are the fluxes of the solute in the feed and stripping phases , Vi and Vg
are the volumes of feed and stripping phases, A,, is the membrane area, Cr and Cg are
the concentrations in the two phases and K is the overall mass transfer coefficient.

The overall mass balance of the present system was obtained by a mass balance to
the solute in the feed phase, according to the equation 6.3, which includes a term that

accounts for solute accumulation in the membrane (VC),.

VF(CFi - CF) = (Vc)acc + VSCS (6-3)

where Vi and Vg are the volumes of feed and stripping phases, Cr and Cg are the solute
concentrations in the two phases, (VC), is the product of the volume and the concentra-
tion of the solute accumulated in the SMILM, respectively. The accumulation term was
considered in the mass balance when it was found to be not negligible. Changes of the
feed and stripping phase volumes were lower to 6% and, therefore, considered negligible
along time.

From eq. 6.2 and 6.3, for the presented systems, the evolvement of Cr and Cg are

expressed by:
dCS KA, (Vc)acc Vs
di = v (Cri = e = 2 Cs = C) (6.4)
V. VC
Cr = Cp; — SCS—( Jace (6.5)

Solute accumulation along time was modeled using a nonlinear regression curve-

fitting model with adjustable parameters:

d(VC)acc (VC)ZCC_(VC)ZzC
dt (1+ (2t/At)d)e

Since the applied model is based on diffusional solute transport, permeability, P = DS,

= (VC)ale - (6.6)

was calculated assuming the solubility-diffusion model, using the following expressions
6.7 and 6.9:

De  Desy

P 6.7
imo = s, ) (6.7)
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where k;,,, represents the mass transfer coefficient through the liquid phase impregnated
in support, D is the diffusion coefficient of the solute i in the impregnated liquid phase,
Deff is the effective diffusion coefficient, € is the porosity of the membrane, 7,, is the
membrane tortuosity and o, the thickness of the membrane. According to the literature,
the PVDF membranes used as support in this work have 70% porosity [113]. A tortuosity
value of 2.4 was obtained using the following expression [113]:

(6.8)

Taking into account the resistances in series theory, the higher resistance to the mass
transfer is offered by the membrane liquid phase. Therefore, the overall mass transfer
coefficient, K, might be calculated considering only the resistance of the membrane liquid

phase to the solute transport according to the equation:

1 1 K_DSe

~

L= = -
K Skimo Tmél

where K (cms™!) is the overall mass transfer coefficient, the product DS corresponds

(6.9)

to the solute permeability given by the product of the diffusion coefficient, D and the
solubility, S, of the solute i in the impregnated liquid phase.

From fittings to eq. 6.4, 6.5 and 6.6 the values of K were obtained for each experiment
and the respective permeability P= DS calculated. The three equations were fitted using
a least-squares minimization routine, a 4th degree Runge-Kutta numerical solution for
the differential equation and the web interface fitteia [56, 57].

In the case of a - pinene the data obtained for solute concentration evolvement in the
feed phase is rather scattered, hampering the determination of the concentration profile
in this compartment. In the case of ibuprofen, this problem was not observed and the K
value was calculated using the eq. 6.4, 6.5 and 6.6. Plots of Cr and Cg, obtained for the
three sets of experiment, in the function of process time are represented in Figures 6.2
and 6.3, showing the profiles of « - pinene and ibuprofen concentration along time, for
the three SMIMLs in the presence and absence of an external magnetic field.

From Figures 6.2 and 6.3, it can be concluded that the transport of a - pinene and
ibuprofen increases in the presence of magnetic field.

The data presented in Figures 6.2 and 6.3 were fitted with eq. 6.4 and 6.5 in order
to estimate changes of the overall mass transfer coefficient, K, due to the presence of
magnetic field applied. For the transport of ibuprofen, the K;;, was calculated taking
into account the accumulation term of the solute in the membrane. However, since it was
not possible to access changes of solute concentration in the feed phase for the « - pinene
transports studies, the value of Kp;,,.,,. was assessed through a different strategy based on
a sensitivity analysis of K with the accumulation term.

Taking into account different accumulation term, K values were estimated. Three
different conditions were considered for accumulation: Cequilibrium = C;/2, i.e. no

accumulation, Cequilibrium = C;/3 and Cequilibrium=C;/4. The three fitted curves
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Figure 6.2: Normalized solute concentration profiles fitted along time in the stripping
phase for the a - pinene transport through SMIMLs with immobilized [Cgmim|[FeCl,]
and [C4mim][FeCly]
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Figure 6.3: Normalized solute concentration profiles fitted along time in the feed

and stripping phases for the ibuprofen transport through SMIMLs with immobilized
[C11H21 N2 O]5[GdCl3Brs]

were rather coincident with the curves shown in Figure 6.2 and was concluded that the K
value does not change significantly for different accumulation terms.

The obtained values for K and for P=DS for a - pinene are shown in Table 6.2.

The magnetic field led to an increase of 51% in the K and P results for the transport
of a - pinene in hexane, through a SMILM containing the MIL [Cymim][FeCl,] and an
increase of 29% for the transport of of a - pinene in hexane, through the SMILM with
[Cgmim][FeCly].

From Figure 6.3, it can be concluded that the magnetic field also impact positively
on the transport of ibuprofen. For the calculations of ibuprofen it was considered the
accumulation term. The accumulation of ibuprofen in the membrane along time is repre-
sented in Figure 6.4. Fitting curves to the concentration of ibuprofen in the membrane
along time, also plotted, reveal that the accumulation factor is slightly higher in the

presence of a magnetic field.
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Table 6.2: K and P values resulting from the mathematical fittings for the two sets of
experiments for a - pinene

SMILMs K(10® cms™!) P=DS (107cm?s7!)

[C4mim][FeCly] 1.49+0.06 0.56 £ 0.06
(with magnetic field)
[C4mim][FeCly] 0.987 +£0.05 0.37£0.05

(without magnetic field)

[Cgmim][FeCly] 3.35+0.1 1.27 0.1
(with magnetic field)

[Csmim][FeCly] 2.6+0.003 0.98+0.003

(without magnetic field)
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Figure 6.4: Ibuprofen normalized accumulation fittings curves along the time for the
MIL

The results of K and P, considering the accumulation term are shown in Table 6.3:

The comparative analysis of Kj;,, values obtained in presence and absence of magnetic
field, shows that the magnetic field induces an increase of 59% in the coefficient for mass
transport.

From all results mentioned above for the two solutes, it can be concluded that the
solute diffusional transport is favored in the presence of a magnetic field. As reported
in the literature [74] the self-diffusion of the MIL [Aliquat][FeCl] increases when it is
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Table 6.3: K and P values resulting from the mathematical fittings for the ibuprofen

SMILMs K(10® cms™!) P=DS (107cm?s71)

[C11H21N20]3[GdC13BI’3] 4.3+0.04 1.62+0.04
(with magnetic field)
[C11H21N20]3[GdC13Br3] 2.7+0.2 1.02+0.2

(without magnetic field)

exposed to a magnetic field. This self-diffusion increase was correlated with the magnetic
field dependence of MILs viscosity. In fact, it was also described that the MILs viscosity
decreases in the presence of magnetic field. Therefore, it may be rationalized that the
increase of solute permeability through SMILM:s is also associated with the decrease of

the MIL’s viscosity in the presence of a magnetic field.

6.4.0.2 Viscosity results

In order to clarify about the contribution of the magnetic dependence of MILs viscosity
to the solute transport, the viscosity of the used MILs was measured under different
magnetic fields. The magnetic dependence of the MILs viscosity is shown in Figure 6.5
and Table 6.4:
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Figure 6.5: Normalized viscosity of pure MILs in the presence and absence of a magnetic
field with intensities up to 2.0 Tesla

Figure 6.5 shows the normalized viscosity profiles of MILs with different magnetic
field intensities. In analogy to that observed in previous studies for different MILs [74,
75], the viscosity of [C11H,1N,0]5[GdCl3Br;3], [Cymim][FeCly] and [Cgmim][FeCly] also
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Table 6.4: Absolute viscosity results and percentage of reduction under a magnetic field.

n
o . o s .
(0Tesla) (1.2Tesla) (2.0Tesla) o VISGOSIty o VISC.OSIty

MILs P P P reduction reduction

(Pa.s) (Pas) (Pa.s) (1.2Tesla) (2.0Tesla)
[Cy1H, N,0]5[GdCl3Br3] 49.12 40.82 38.15 17 22
[C4mim][FeCly] 0.0317 0.0304 0.0286 4.1 10
[Cgmim][FeCly] 0.2931 0.2711 0.2444 8.1 17

decrease at increasing magnetic field intensities.

Table 6.4 presents the absolute values of viscosity for 0, 1.2 (intensity applied in the
transport experiments) and 2.0 Tesla (maximum intensity allowed by the equipment) and
the percentage of reduction at these two intensities. The [C;;H,1N,O]3[GdCl3Br;] shows
a larger percentage reduction in viscosity at both intensities, comparatively to the other
two MILs, which can be due to the higher magnetic susceptibility of Gd.

Viscosity and diffusion are commonly related by the Stokes-Einstein equation. In the
case of ionic liquids, the Wilke-Chang correlation [74] can be applied, showing an inverse

correlation between D and #:

(6.10)

being D the diffusion coefficient (m2s~!), C a constant defined by C=7.48x10"8ML/?/ V06
depending on the MIL molar mass M,, and the molar volume V, T is the temperature (K),
aq is the association degree and 7 is the viscosity (Pa.s).

This inverse correlation is according with the experimental results shown above, lead-
ing us to conclude that the magnetically induced reduction of MILs viscosity contributes
to the increase of solute diffusion in the presence of the magnetic field. However, when
comparing the percentages of reduction of the MILs viscosity under magnetic field at
1.2Tesla: [C;1H,;N,0]5[GdCI3Br3] = 17%, [Cymim][FeCly]= 4.1% and [Cgmim|[FeCly]
= 8.1% with the increases observed in the respective mass transfer coefficients:

[C11H,1N,0]5[GdCl3Br3] = 59%, [C4mim][FeCly] = 51% and [Cgmim|[FeCly] = 29%
it is possible to observe that solutes transport seems to be not only regulated by changes
in viscosity.

Therefore, the increase of solute transport in the presence of a magnetic field may
result from a combined influence of decreasing of MIL’s viscosity and increasing solute

solubility, S, in the MILs under magnetic field. This effect may possibly be related to the
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magnetically induced structural rearrangement of the ionic network which favors solute

transport and solute partition/affinity to the MILs.

To conclude about the solubility contribution, the diffusion coefficient, D, could be
estimated by the Wilke-Chang and Scheibel correlations, which are commonly used to
estimate the viscosity of ILs [32]. The results for the calculated D and S in the presence

and absence of magnetic field are present in Table 6.5.

Table 6.5: Estimation of the D values using the Wilke Chang and Scheibel correlations
and solubility values calculated for each MIL and system

SMILMs Destimated(Wilk#Chang) Destimated(Scheibel) *Sestimutedl **Sestimatedz
(10~6cm?2s71) (10"6cm?2s71)
[C4mim][FeCly] 2.46 1.83 0.022 0.031

(with magnetic field)

[C4mim][FeCly] 2.39 1.78 0.016 0.021

(without magnetic field)

[Cgmim][FeCly] 0.29 0.23 0.43 0.54

(with magnetic field)

[Cgmim][FeCly] 0.28 0.22 0.35 0.44

(without magnetic field)

[C11H21N,0]3[GdCl3Br3] 0.0022 0.0016 74.7 102.9

(with magnetic field)

[C11H21N70]3[GdCl3Br3] 0.0018 0.0013 56.1 77.8

(without magnetic field)

*Sestimated1 calculated by the solution-diffusion model P=DS with D estimated by Wilke-Chang correlation
*Sestimated2 calculated by the solution-diffusion model P=DS with D estimated by Scheibel correlation

D values were estimated by two different correlations in order to compare and validate
the results. As explained before, the differences observed in the D values with and without

magnetic field were attributed to the magnetic induced changes of the MILs viscosity.

a - pinene and ibuprofen solubility was determined according to the solution-diffusion
model P=DS, in order to estimate the contribution of this parameter to the transport of
these solutes. As shown in Table 6.5, the solubility of the two solutes in the three different
MILs increased in the presence of the magnetic field, suggesting that the global increase
of a - pinene and ibuprofen transport under magnetic field is due to both, viscosity and

solubility effects.
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6.5 Conclusions

This work shows that the magnetic field increases the permeability of ibuprofen and « -
pinene through supported magnetic ionic liquid membranes, SMILMs. The increase of
permeability was related to the magnetic susceptibility of the paramagnetic elements of
MILs, [C11H,N,0]3[GdCl3Br3], [C4mim][FeCly] and [Cgmim][FeCly], and due to the
MILs ability to respond to the magnetic field with changes of their physicochemical
properties. A previous study [74, 75] has revealed that the MILs viscosity decreases
in the presence of magnetic field. This effect was ascribed to magnetic induced structural
reorganization of the MILs ionic network and associated with the increase of the MILs
self-diffusion.

An identical behavior was found for the MILs used in the present work by analysis
of magnetic dependence of their viscosity, as the viscosity of [C;1H;;N,0];3[GdCl;3Br3],
[C4mim][FeCly] and [Cgmim|[FeCly] decreased 17%, 8.1% and 4.1%, when exposed to a
magnetic field intensity of 1.2 T. However, the transport studies developed in this work
show that the increase of the solute permeability through these SMILMs was not solely
explained by the increase of solute diffusion coefficient in MILs, but that it might also
account for the increase of the solubility of ibuprofen and «a - pinene, in MILs.

Supported liquid membranes offer high selective solute transport, which makes them
particularly suitable for the recovery of minority added value solutes from complex mix-
tures, enantiomeric resolution and for the removal of specific contaminants from liquid
or gas streams. Here we show that these processes may be favored by the use SMILM
systems, since they allow better control of solute permeability by non-invasively modula-
tion of MILS viscosity and solubility by an external magnetic field. This aspect represents
an important advantage for the optimization of small scale processes commonly used in

pharmaceutical industry.
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CHAPTER

GENERAL CONCLUSIONS

This PhD thesis presents the development of supported magnetic ionic liquid membranes
(SMILMs) prepared using a new class of ionic liquids — magnetic ionic liquids (MILs).
Due to the ability of MILs to switch their physicochemical properties, such as viscosity
and self-diffusion, in the presence of an external magnetic field, they are regarded as
promising liquid carriers with tunable transport characteristics. In this work, the mag-
netic susceptibility of MILs was studied and explored towards the design of magnetic

responsive membranes, aiming to improve their separation efficiency.

The impact of the magnetic behavior of MILs in the performance of SMILMs under
magnetic field was evaluated. Firstly, it was studied the influence of the magnetic field on
the physicochemical properties of the MILs. The studies were conducted to obtain infor-
mation about the magnetic behavior and the ability of MILs to switch their physicochem-
ical characteristics when exposed to variable magnetic field conditions. The influence
of the magnetic field on the MILs’ molecular dynamics and viscosity were inspected by
'H-NMR relaxometry and capillary viscometry, respectively. When using the !H-NMR
technique, two different systems composed by the MIL and its non-magnetic analogue,
IL, [Aliquat][FeCly,] / [AliquatCl] and [Pggg14][FeCly] / [Pge614Cl] were analyzed, in order
to obtain information about the diffusion mechanisms in the distinct MILs.

The spin-relaxation times of pure ILs and MIL/IL mixtures with 1% (v/v) of MIL were
measured in a broad range of frequencies from 10kHz to 300MHz, for comparative pur-
poses. An increase of the relaxation rate, R, was observed only for MIL mixtures in a range
of frequencies between 10MHz-300MHz. The differences of the ILs and MILs relaxation
profiles were interpreted based on a relaxation model, that took into account distinct con-
tributions of translational and rotational motions, chain dynamics, self-diffusion, para-

magnetic and cross relaxation. This analysis allowed for the estimation of self-diffusion
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coefficients of the different ILs/MILs systems at low magnetic fields. By direct measure-
ment of the MILs and ILs diffusion at high magnetic field intensities of 7 and 14T using a
PFG NMR equipment, it was concluded the magnetic diffusion dependence of the MILs,
not observed in the ILs systems.

Based on this analysis, it was concluded that the presence of the paramagnetic ions,
increases the complexity of the system. The additional response observed for MILs at
10 MHz-300MHz was possibly attributed to the coupling of the magnetic moment of
the paramagnetic ions with proton’s magnetic moments, leading MILs to acquire a
specific molecular mobility and dynamics, under magnetic field. Both IL/MIL systems,
[AliquatCl]/[Aliquat][FeCly] and [Pgge14][FeCly]/[Pges14Cl], depicted identical behavior.
However, [Pggg14][FeCly]/[Pgge14Cl] system exhibited some differences, mainly relating
the parameters describing the slower rotations and those associated with the R results in
the range of frequencies below to 1 MHz.

In contrast to Aliquat, it was observed that the relaxation of the magnetic system
[Pess14][FeCly]/[Pgge14Cl] is smaller than the non-magnetic [Pggq14Cl] at low frequencies.
These results lead us to conclude that in the case of phosphonium, the presence of the
iron ions does not only affect the spin-lattice relaxation, but additionally, it seems to
have higher influence in the molecular dynamics/motions of the cations, probably due
to a higher molecular chains packing, comparatively with that observed for the Aliquat
system.

Changes of MILs self-diffusion were associated to changes of MILs viscosity induced
by the magnetic field. In fact, capillary viscometry measurements performed at different
magnetic field conditions showed that the MILs viscosity decreases with the increase of
the magnetic field intensity, corroborating the inverse correlation between viscosity and
diffusion as expressed by the modified Stokes-Einstein equation. Together, resonance
relaxometry and viscometry analysis, allowed for determination of the evolvement of
MILs self-diffusion coefficients with the magnetic field as well as the establishment of a
comprehensive correlation with the magnetic induced on MILs viscosity.

The magnetic dependence of MILs viscosity and the relevance of this property in the
design of new MILs, led to the development of studies aiming at estimating the contri-
bution of cation and anion ILs/MILs counterparts to its viscosity at different tempera-
tures. These studies were performed for four different MILs based on the phosphonium
cation: [Pgge14][FeCly], [Poss14][CoCly], [Pegs14][MnCly] and [Pgee14][GdClg] at distinct
temperatures. A group contribution model was applied to predict the contribution of
the phosphonium cation and the different magnetic anions. It was found that the phos-
phonium cation has a positive influence on the MIL’s viscosity and the magnetic anions
a negative impact. However, the phosphonium cation presents a lower contribution to
MILs viscosity in comparison with the other cations described in further literature. Also,
it was observed that the MILs viscosity is less affected by temperature when they integrate
phosphonium cations.

These results are in accordance with those described in the literature for non-magnetic
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ILs, being the group contribution model useful to predict other physico chemical proper-
ties of MILs. It was also concluded that, in the design of new MILs, the contribution of
the cation to the MILs viscosity is more relevant than that of the anion counter-part.

To evaluate the impact of magnetic behavior of MILs on membrane separation pro-
cesses, mass transport studies through supported liquid membranes containing MILs as
carriers, were performed in gas and liquid phases. Gas transport studies were carried
out using pure CO; and N, streams and air, through distinct SMILMs with immobilized
[Pess14][FeCly], [Pegs14][CoCls], [Pogs14][MnCly] and [Peee14][GAClg] MILs.

These studies were conducted in the absence and presence of magnetic field intensities
up to 1.5 T, in order to evaluate the impact of magnetic sensitivity of MILs on membrane
permeability and selectivity. The results obtained show that the membrane permeability
increased with the increase of the magnetic field intensity for the different gases (CO,,
N, and air) tested. This improvement was related to the decrease of the MILs viscosity,
which consequently led to the increase of gas diffusion through the SMILMs. It was also
observed that the increase of permeability was identical for all gases tested and thus it
was concluded that the membrane selectivity was not affected by the magnetic field.

The transport of solutes in organic liquid media through SMILMs was also tested at
0T and 1.2 T. Two different model case studies were performed: 1) transport of a- pinene
through SMILMs with immobilized [Cymim][FeCly] and [Cgmim][FeCl,4] MILs and 2)
transport of ibuprofen through SMILMs incorporating [C1;H,1N,O]5[GdCl;Br3].

Identical to that observed in gas transport studies, the magnetic field also produced
an increase of the a-pinene and ibuprofen permeability coefficients. In this case, the
increase of the solute permeability was not only due to the increase of solute diffusion
in consequence of the magnetically induced decrease of MILs viscosity, but also it was
ascribed to the increase of solute solubility in the MILs in the presence of the magnetic
field. Therefore, it was possible to conclude that the magnetically responsive supported
liquid membranes designed in this work, allow for non-invasive modulation of gas and

liquid permeability by adjustment of the external magnetic field intensity.
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Regarding the results obtained in this thesis some suggestions for future work can be

proposed.

Taking into account the characterization of the physicochemical and structural prop-
erties of the MILs, further studies based on the 'H-NMR technique can be performed: 1)
studies about the influence of the chain length of the MILs “s cation in their molecular
self-diffusion. Since the cation of the MILs act as a solvent in the magnetic ionic liquid
system, it would be interesting to select cations with shorter chain lengths, in order to
compare the molecular dynamics, with the two MILs already studied, [Aliquat][FeCl,]
and [Pggg14][FeCly] with long alkyl chains, by the measurements of their relaxation times,
T;, 2) The exploration of the relaxation diffusion mechanisms of MILs with different an-
ions, having distinct magnetic susceptibilities, may be relevant, comparing their distinct
nature, 3) Following the relaxation study of the MILs to be used as potential contrast
agents, a 'H-NMR analysis could be carried out, using new biocompatible MILs, with
reduced toxicity (e.g. MILs based on choline cation with [FeCly]™ anion), for biological
tests, comparing the relaxivities with those of commercial contrast complex agents, 4)
Molecular dynamics simulation is an additional tool that may be explored, in order to
predict the packing of the molecular magnetic ionic liquids, estimating the distribution,
orientation and motions of the molecules, e.g. MILs anions and cations, under a mag-
netic field. This study could lead us to a comprehensive understanding of the molecular

superparamagnetic behavior of these liquids, as described in the ' H-NMR work.

Additionally to the viscosity characterization of the MILs, solubility studies should be
performed in the presence and absence of a magnetic field. Solubility testes of different
solutes in MILs should be conducted in order to confirm the prediction that the solubility
of solutes in MILs increases in the presence of a magnetic field. Concerning the impact of

the magnetic field on the transport of solutes through SMILMs, it would be interesting to
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perform gas permeation studies using a SMILMs integrating a task specific MIL, present-
ing a cation with high solubility for CO,, in order to analyze the effect of the magnetic
field on CO, permeability and selectivity.

A challenging task will be also to extend the use of SMILMs for the selective isolation
of enantiomers, envisaging the development of separation systems able to overcome the
limitations faced by alternative processes (e.g. chromatography, extraction, classical res-
olution) to resolve racemic mixtures. Preliminary studies of enantiomeric separation of
ibuprofen were performed using SMIMLs in the present work, evidenced that in the pres-
ence of a magnetic field, the enantiomeric selectivity was slightly higher. The magnetic
separation of enantiomeric compounds using chiral MILs through SLMs could constitute
an interesting study taking into account the knowledge already achieved in this work.

The magnetic behavior exhibited by the studied MILs and their versatility to distinct
applications, mainly in separation processes, led us to develop additional studies aiming
to evaluate the MILs capacity to form magnetic responsive surfactants/micelles and their
potential use for magnetic selective separation of target solutes.

The potential use of MILs as magnetic responsive surfactants has been described in
recent publications [120, 121]. Some studies have been focused on the capacity to control
the properties of magnetic-responsive surfactant systems, mainly the surface tension,
using the magnetic field. These works show promising results regarding the response of
the magnetic surfactants, however, magnetic reverse micelles systems were not developed
and tested for selective separation under a magnetic field so far.

Our preliminary studies (not included in this thesis) were focused on the development
and characterization of reverse micelles using MILs. These studies were performed using
[Aliquat][FeCl,] as a model MIL in organic medium composed by isooctanne (70%) and
butanol (30%) ( 100mM above the CMC=50mM, Ws=9). The micellar concentration used
was above the CMC (critical micellar concentration) = 50mM, to guarantee the presence
of a high number of micelles formed. The organic solvent tested was the isooctane, one
of the most solvent used with surfactants systems, being the butanol the co-surfactant
used in order to facilitate the dissolution of the surfactant in the organic medium. In this
particular case, it was necessary the addition of a small amount of the analogue IL to the
organic solution of the MIL, for the stability of the system. The IL amount was defined
by the ratio Ws= [lonic Liquid]/[Surfactant], where the [IL] is a small value face to the
[surfactant] used [122]. The surfactant solution obtained was optically transparent and
stable.

DLS - Dynamic Light Scattering and TEM — Transmission Electron Microscopy analysis
were performed aiming to confirm the formation of [Aliquat][FeCl,] reverse micelles
and to determine their structure and sizes. The results from these two techniques, show
the presence of particles with sizes from 5-7 nm, in solutions with MILs concentration
above the CMC, closed to that commonly exhibited by a reverse cationic micellar system.
However, the high light polydispersion generated by the samples, possibly attributable
to sample intense color and turbidity, disturbed the quality of the analysis, disallowing
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us from considering these results conclusive. Other techniques, such as X-ray or SANS
(Small-angle neutron scattering), should be used in the future to confirm the DLS results,
i.e. the presence of reverse micelles and their sizes. Considering the formation of reverse
cationic micelles with 5-7 nm, further studies were performed to evaluate the capacity of
these micelles to respond to an externally applied magnetic field.

In this case, magnetic field could then facilitate the separation of micelles from organic
media. In these tests, deuterated water, D,0, was transported to the organic phase within
the hydrophilic core of the reverse micelle and used as a tracer to probe its mobility,
induced by the external magnetic field.

Equilibrium tests were performed in 24h, by mixing 8 mL of organic phase (0.8M)
with 8 mL of aqueous phase (D,O — deuterated water) in a contacting cell shown in
Figure 8.1. The contacting cell was placed within an electromagnet and exposed to a
non-uniform magnetic field with an intensity ranging from 0.66T (higher distance from
the pole) and 1.2 T (closer to the pole).

The Figure 8.1 shows the contacting cell containing the micellar system placed in the
electromagnet in the absence of magnetic field (Figure 8.1a)) and in the presence of a
magnetic field gradient (Figure 8.1 b)). In the presence of a magnetic field, Figure 8.1 b) it
was observed the attraction of the [Aliquat][FeCl,] bulk solution as a whole, not observed

when the magnetic field was turned off.

) e

Figure 8.1: [Aliquat][FeCly] micelles solution (dark region) in equilibrium with D,0O
(clear region): a) with magnetic field OFF and b) with magnetic field ON.

The solution of the magnetic micelles in equilibrium with D,O was sampled along
time at the extremes of the contacting cell, i.e. at the sampling point closer to the magnet
pole and in the opposite side, in the presence and absence of the magnetic field, in
order to identify a potential transport of D,O through the contacting cell caused by the
displacement of micelles towards the magnetic pole. Each sample was analyzed using
'H-NMR technique at 10.35MHz ~ 0.2T, based on the measurement of the relaxation
times of the deuterium by the identification of it specific peak. However, the deuterium
peaks in 'H-NMR, obtained for the samples collected at the two extremes of the cell were
similar and therefore the selective capture of the micelles by the magnetic field was not
demonstrated.

As observed in Figure 8.1 b), the [Aliquat][FeCly] micelles were not exclusively at-
tracted to the magnetic field when it was switched on. Instead, the organic solution
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containing the [Aliquat][FeCl,] micelles (upper phase) was attracted as a whole to the
magnetic pole. Further studies are required to understand the behavior of such mag-
netic micellar system, i.e. to explain the reasons behind the inability to specifically move
micelles.

Possible reasons can be related with the nature of the magnetic micelles, type of the
selected MIL and polarity of the solvent. These studies are essential for the selection of
conditions that may lead to micelles with improved magnetic responsive ability and thus
they should anticipate the design of micelle separation systems allowing for a selective

transport of target compounds.
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APPENDIX

APPENDIX - SUPPORTING INFORMATION

A.0.1 Theoretical models
A.0.1.1 Translational self-diffusion

In the case of isotropic liquids or isotropic phases of liquid crystal compounds the con-
tribution of translational self-diffusion (SD) to the relaxation can be expressed by the

Torrey’s model [51] with a
(i) = Cyj—= [T (wtp) + 47 2wTp)], (A.1)
Ti/sp

where w = 2rtvy, Cyq = (1/2)(3poy>h/(87))? is the strength of the dipolar interaction and
T (wtp) is a dimensionless analytical function that depends on the average time between
diffusion jumps 7p, the mean-square jump distance <r2>, and the molecular width d. tp
is related with the self-diffusion constant D by the relation <r2> = 671pD. nis the density
of 'H spins.

A.0.1.2 Rotations/reorientations

Molecular rotations/reorientations (Rot) may be characterized by one or more correlation
times according to the number of independent rotational axis considered to describe this
motion. Usually, rotations along the molecular long axis and rotations/reorientations
along a molecular transverse axis have different correlations times and the most simple
model used to describe this relaxation process is given a Rot;+Rot, where Rot; is given
by the Bloemberger, Purcel and Pound (BPP) model:

1 TROti 4TR0ti
(T) :AR“"L 22 144w’ (8-2)
1 Rot,- tw TROti +iw TROtZ'

with Ag,y, = 9y874h2/(128772ri6eff) where r; _ is an effective inter-spin distance [52].
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A.0.1.3 Cross-relaxation

35Cl has nuclear spin 3/2 and cross-relaxation (CR) between the proton spins and 3>Cl
nuclear spins can occur. Cross-relaxation has indeed been observed between proton spins
and nitrogen and also between proton spins and 3°Cl spins[45, 53, 54]. Cross-relaxation
may become significant when the proton’s Larmor frequency is close to each one of the

quadrupole frequencies of the other nucleus. The relaxation rate can be expressed by [53]

1 TCRi
(F) = Acri —— (A.3)
1/cri 1 +(w—w;)” Tégy

where w;, with i = 1,2,..., are the frequencies that correspond to the 3°Cl spin energy

levels and Acg; are parameters related with the strength of the interaction.

A.0.1.4 Paramagnetic relaxation induced by superparamagnetic particles

Proton spin-lattice relaxation can be affected by the presence of magnetic ions in two
ways: i) the so-called inner-sphere relaxation, which occurs when relaxing protons bind
temporarily to ions or ion complexes, and the ii) outer-sphere applies to protons that
do not bind but move or diffuse close to magnetic ions or particles [55]. In a recent
study of molecular dynamics in magnetic ionic liquid systems by proton spin-lattice
relaxometry, [74] it was shown that the paramagnetic relaxation observed was better
described considering an effective superparamagnetic outer-sphere contribution given by

equation:

1
(—) = 6TdC{SCZj1(a), Ty, Ty —> 00)+
Ty (A.4)

X .
[S(S +1)-S, cotgg - S?]]l(w, Td,TS)}

where S is the electronic spin along the applied magnetic field, ¢ is a quantity proportional
to the molar concentration of magnetized particles, [M]. r is the distance of closest
approach between the anion and the protonated cation, 7; = <r2>/D, D is the diffusion
time constant, 7, is the longitudinal electronic relaxation time and w is the proton Larmor
frequency. S, is given by

2 1
5. = S+

tanh™! ((25 + 1)2)—%tanh_l (i) (A.5)

Wy W,

where w, = 2ykT/(hys) and ygs is the electron’s gyromagnetic ratio. The corresponding

spectral density for outer-sphere relaxation is [55]

1+QY2/4
1+QVY24+40/9+Q3%2/9

1w, 7, 75) = Re{ (A.6)
where Q = (iw + 1/74)1y.
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A.0.1.5 Relaxivity Dispersion

In the case of the magnetic ionic liquid/DMSO solutions presented in this work we con-

sidered the inner-sphere relaxivity contribution expressed by [63]:

1 ¢ 1
H
1000 14.04 T,

is
1’1 =

(A.7)

being g% the number of DMSO molecules temporarily bind to the iron particles and
Tfﬂ > 1,, where t,, is the DMSO residence binding time to the FeCl} (or FeCl3).

L2 o"yis
ﬁ = E(E) : Sp(Sp + D[3](wy, Ta1) + 7] (ws, Taz)] (A.8)
m Fe
S'taig | (1-82)w
J(@,ta1) = ———5 - (A.9)
l+w Tiig I+ wty;
1 1
Tyi= — +— (A.10)
" tun T
1 1
Tie = — + — (A.11)
8 Ting TiS
1 1 4
—=2C + A12
T N T et (12
1 5 2
—=C + +3 A.13
Tys [1+w§r,3 1+ 4wlt? ] ( )
with
_ 1o
C= %A 7, [45,(S, + 1) = 3] (A.14)
The outer-sphere relaxivity contribution is given by:
B2Nu o PVEYS
rfS: 405 (E) RD Sp(sp+1)[3]05(w117d)lT15+7]05(w51Td)7T25] (A-15)
with ’l'd:Rz/D
1+2
J% =Re —— (A.16)
l+z+3522+52°

being, z=iwt, + 7% is a complex and j = 1,2
]

A.0.1.6 DMSO/FCC13 and DMSO/[P66614] [FeCl4]

It is presented the relaxivity results and fitting curves obtained for DMSO/hexahydrated
FeCl; for comparison with the DMSO/[Pgg614][FeCly] solution.
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