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ABSTRACT

In this dissertationwe considered self-diffusion coefficient (D) and relaxation
measurements by nuclear magnetic resonance (NMR) methods. The measurements were
carried out in two categories: watmnfined in different types afarbon nanotubes as well
asanionic liquidin bulk form and confined inttwo mesoporous structures.

Carban Nanotubes (CNTs) have attractsmhsiderable interest ngsearchecommunity

the recent yeaydecause of their numerous applications in a wide range of fields ranging
from medicine and pharmacewtis to energy, environment electronics and
telecommungations to industry and aerospace. In addition, their symmetrical shape and
high mechanical, chemical and thermal stability ensure-aeflhed transport properties

and make CNTs ideal prototype systems for studying transport phenomeaoafimed
geometres in nanoscale. Consequently, the study of diffusion of watsidéncarbon
nanotubes isextremely useful in attempts to understand the flow of water through
hydrophobic namstructuresto exploit CNTs as building blocks ia new generatiorof
technology dvices. Several studies, mostly theoretical , have been conducted so far in order
to investigate the interaction between water and the surfac€Ndfs. However,
experimental studies are still scarce and have limited potential, resulting in controversial
results.

In recent years, the interest of the scientific community has focused on the particular
behavior of the flow of water through hydrophobic CNTs. Recent theoretical and
experimental studiehave shown that water molecules when confined Manoporous
materialsof dimensions comparable to their size, exhibit peculiar behastioh as one of
themain characteristics theexceptionally high water flow. The peculi@stflow inside

the nanotubes is imptied on the values of the sdliffusion coefficient D of the protons of
water,and it isfound to be greater thahe diffusion coefficient Dof free water for the
molecules moving along the axis at the center of the tubes. This phenomenon has a
particulaly significarce impact on many CN3 applications, frontargeteddrug delivery
systemsto new generation membranes, which require the supply of liquid through the
interior of carbon nanotubes.

Nuclear Magnetic Resonance is considemetieone of the mosimportant noAnvasive
techniquedo studythe behavioof fluids when confinednto mesoporous and nanoporous

solidmaterials It is based on the interaction of nuclear spins with an external magnetic field,
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as well as on the interaction of nucleg@ins with neighboring nuclear and unconjugated
electron spins. This makethe techniqueit extremely sensitive to the locatomic
environment, allowing the study of atomic and molecular dynamics in time ranges ranging
from nanosecond to hours or even seer months.

The application of one dimension conventional Nuclear Magnetic ResonandéMR)
techniques to study the molecular dynamics of fluids involves the observation and recording
of the spectral line, the relaxation time (Bpinlattice) and T (spinrspin) along with the
self-diffusion ccefficient D of theunder investigationuclei. Significant information otine
dynamicsandthe interactions both at atomic levahdat the local environmentsawell as

for the translational motions of the moleesiThus, from experimentad  *NMR studies

of protons {¢ ) i n water mol ecul es, we retrieve
mechanismisideCNTs. Therefore 1D-NMR techniquegannotdistinguishthe potential
different contributions to moleculadiffusion or in the relaxationmechanisms nor
distinguish the possible correlations betw#endscrete contributions.

In this dissertation experimental measurements were made for the firgtrithidbecame
possible to distinguish differewtiffusion coefficientcomponents in the water flow inside
the nanotubes by applying a pioneering method that comtvitmedimensionatechniques
(D-T2 @ U a -¢# of 2D Magnetic Resonance Spectroscopy withmodified verign of
advanced Tikhonoinversion algorithms. In the experimental datalysis advanced two
dimensional inversion algorithms were used to determine the distribution of the self
diffusion coefficient D of watem orderto correlatethem withthe distrbutionsin the
relaxation timeg1 and .

Initially, water diffusion into single and double wall CNTs (SWCNT and DWCNT) was
studied. This method allowed us to investigatperimentallythe diffusion of water at the
nanoscale and to distinguidhiferentgroups of molecules through temperatstrediesrom

265K up to 300K with different dynamidgnematic behavior. tvasobserved thaivhen

water flows through CNTs the local environment is not the same for all the Waier
molecules. In each case, thedaxation and diffusion mechanisms are determined by the
local environment and the interactions of the molecules, resulting in each group of water
molecules giving a separate NMR signal with a differesif-diffusion coefficient. A
distribution o thevalues of relaxation times and diffusioretficient valuesvas observed
which reflectsinto thedistribution of water molecules in different dynamic environments

close taothe walls anatlose to the axis dhe nanotube.
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By the method eéveloped in thiglissertationit was possible to obserexperimentallyfor

the first timedifferent water groups on the walls and along the axis of the nanotubes and to
confirm the predictions of the theoretical models (MD Molecular Dynantieg)exist n

the literature The experimental NMR method developed advantageous thaWD
simulationsbecause the time scale of the NMR diffusion experiments waasrders of
magnitude larger than the MD scale. This allowed ubdaable to observeery slow
movematsof the studied molecules in orderstudy the peculiar diffusion of wateiside

CNTs By applying 2D DT2a n d-¢2¢H NMR techniques tstudy water insidSWCNT

and DWCNT nanotubes, a multilayer structure was observed in the diffusion of water in
DWCNTSs and the presence of a "fast" diffusion componeslting on a fast diffusioaf

water molecules along the central axis of the nanotube.

In the second stagof the present studgxperimentameasurements weremrductedising

the same methodology on carbon nanotubes with different values of internal diameter
rangingfrom 1.1 nm to 6 nm in the temperature range from 265K up to 300K in order to
disentanglethe effect of the diameter on the water diffusion mechanism. It was
experimentally identified the optimum diameter between 3:@rbnm whichwe observed

an enhancement dhe flow of water molecules sidethe CNTSs.

In addition, the results indicate that imese diameters the watesitde CNTs is further
analyzed in two diffusion components with the central longitudinal @agponenbf the
nanotube exhibiting surprisirfgsttransportproperties as mentioned earjietith D values
ranging from two to almogour times higher than the D values of free water.

In the final stage of the present study, the behavior of an ionic ligbidkrform as well as
confinedin two mesoporous structures was studied in a wide range of temperatures.

lonic Liquids (ILs) are a novel class of materials which a@tshaving amelting poins

less than 100 °@nd they consist byrganic cations, which are bulky andth low
symmetry, while their anions may be inorganic or organic. Theseasalisually me as
liquids atroom temperature, so they are referred to as Room Temperature lonic Liquids
(RTILs). Their interesting physicochemical properties, the different ways in which they are
involved (as solvents) in reactions and the significant abilitafmurecertain gasg such

as CQ, have attracted a particularly strotige interestof the research communitjonic
liquids (Ls) are superiocompared t@onventional solvenis the capture o€0, and have
anenvironmental friendly behavior as they are characterizedeglgible vapor pressure

and volatility. Supportetbnic Liquid Phase $stems (ionic liquideonfinedin mesoporous

structures) have multiple applications such as gas capture and separation processes, catalysis
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processes, lubricants, nanocomposite maggrapacitors, fuels, etc. The performance of
all these processes depends mainly on the ionic transfer of ionic ligurtnoscale.
Nuclear Magnetic Resonance (NMR) spectroscopy has been shown to be a very important
norn-invasive tool for investigating éhdynamics and properties of ILs. In particular, NMR
experiments in theringe field of asuperconducting magnethich rangedineaily allows
usfor the directcalculationof the selidiffusion coefficient D

¢ NMR t e mp e rwete perff@meavithicahvertisnal onglimensional and two
dimensional Nuclear Magnetic Resonan@pectroscopy techniques as well as
measurements ofT(spinlattice) and & (spinspin) and D seifliffusion ccefficients of
BMIM TCM ionic liquid in bulk form as well asconfined intotwo mesgorous silia
structures of different pore size and geometry, MEM(Mobile Composition of Matter
No41) and SBA15 (Santa Barbara Amorphus Nol15). The measurements wedected

in the fringe fieldof the superconductingnagnet 4.7T with gradient varyindineaty of
the valueof 34.7 T/m in the temperature range 100K to 400Klevheating.
Thereorientationatlynamics of the BMIM TCM ionic liquid limited to MCM1 and SBA

15 as a function of temperature wstsidiedin order b investigate the effect of theal
treatmentand he results were compared with the values obtained fdsute ILs and the
resultsindicate the existence of two minima in the vluesdue to the occurrence of a
transition phase of #éionic liquid in a glassgupercooled staté&xperimental calculation
of correlation time was carried out throughdnd Tz relaxationtimes and bythe use of
theoretical models of BPfheory BloembergerPurcellPound theory) wexperimentally

identifiedtwo local minima indicatinga phase transition of the ionic liquid.

KEYWORDS: Nuclear Magnetic Resonance NMR, Carbon Nanotubes CNTSs, lonic
Liquids ILs
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1. Theory

1.1 Nuclear MagneticResonance

The evolution of quantum theory in the 1920s paved the way for the discovduciefar
MagneticRe sonance (NMR) as the concept of spin
eminent experiment in 1922 examined the behaviour of a beam of silves passing
through a magnetic field: they observed a discrete number of deflected beams, rather than a
continuous range of deflection, confirming that the particles possessed an intrinsic angular
momentum of certaiquantizedvalues. Uhlenbeck and Goudsmpibposed the concept of

an electron spinning around its own axis in 1925, with angular momentum and a magnetic
dipole moment resulting from the spinning electrical charge. Pauli had first suggested in
1924 that nuclei possess spin in his explanation &otigin of hyperfinesplittingin atomic

optical spectra. He went on to formulate a theoretical framework of spin angular momentum
in 1927. The nuclear spin was first observed by Stern, Frisch and Estermann in 1933 after
they adapted their equipment to asare the magnetic moment of the proton in a beam of
hydrogen moleculedn 1938 Isidor Rabi extended the Stern Gerlagperimentand he

managed to measure nuclear spin in lithium isotopes and prbt@hs

The first observations of the NMR phenomenon were madesember o0fl945when
Purcell, Torrey and Poun(Purcell group at Harvard Universitgletected weak radio
frequency signals generated by the nuclei of the atoms in 1Kg of paraffiiitvéve same
time Bloch, Hansen and Packd&loch group at Stanford Universit{hey observed radio
frequency signals coming from the atomic nuclei of waitet952 Felix Bloch andedward

M. Purcell shared the Nobel Prize in Phy$argheir discovery3]. The two aforementioned
experiments actuallydiscovered that magnetic nuclei could absorb energy in the
radiofrequency band when exposed to a magnetic\irtbidh wasactually the birth of the
Nuclear magnetic Resonance. Since then NMR has become an incredible nontaowhsive

to investigaé matter.

Nuclear magnetic resonance is, like all atomic physics phenomena, a fundamentally
guantum mechanical procesbluclear Magnetic Resonance (NMR) is a powerful

spectracopic technique frequently used Rhysics, ChemistryGeology, Medicine,
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Archaeologyand Biology for the study of matter. In principle, it is possible to perfokhiR

experiment®n every nucleus withuclear spin | not aegalto zero.

The NMR phenomenon relies basically on the interaction of the magnetic dipolar moment
of the nucleus with the magnetic field and of the electric quadrupole moment with the
electric field gradient. The information obtainfedm the experiments gives us information

about the local magnetic, electrical and structural properties of the system under

investigationandmicroscopic build up and phase transitions

In this NMR theory section we are goit@present the NMR basicad introduce shortly

the used methods and expected effects. For deeper consideration for NMR spectroscopy we
cite the NMR books of A. Abragam Réfl], C.P. Slichter Ref5], P.Callaghat6] and E.
Fukushimd7].

1.1.1 Basic Principles of Nuclear Magnetic Rsonance

Matter is made of atomshich are made of electrons and nuclei. Each atomic nucleus has
four important physical properties: mass, electric charge, magnetism andapinatomic
nuclei possess angular momentum or sNiMR is a quantum mechanical phenomenon of

nuclear spin.

It is well known from Nuclear Physitse atomic nucleus consists of neutrons and protons.
Neutrons and protons are known collectively as nucleons. An atomic nucleus is specified

by three numbers: the atomic number, the mass number, and the spin quant@mn numb

The atomic number Z specifies the number of protons inside the nucleus. The electric charge
of the nucleus is Ze. The electric charge of the nucleus determines the chemical properties
of the atom of which the nucleus is a part. The mass number epeiti@ number of
nucleons in the nucleus, i.e. the total number of protons and neutrons. Nuclei with the same
atomic number but different mass numbers are called isotopes. NMR is mainly concerned
with stable isotopes. Stable nuclei are usually formed &ppnoximately equal numbers of
protons and neutron§]
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1.1.2 Classical description

Proton and neutron have magnetitoments (2.7 and -1.91, respectively where
en=eh/2my) [4, 6]. As a result dlatomic nuclei with odd atomic number, odd mass number
or with both these odd number, exhibit a nonzero total angular momentum J andemaon

magnetic momert.

When a nucleis inserted in a static uniform magnetic field the net magnetization which is
equivalent to a bulk magnetic moment arising from the nuclei in a sample is M and it is the
vectorial sum of all individual magnetic moments associated with all the nucleirasisee

Figurel.

B,
A

fONN A NI
AR AVAN AN
N [ /\/

no magnetic field applied magnetic field applied
no net magnetization net magnetization M

Figure 1. The classical model of the formation of net nuclear magnetization in a sample. In the absence
of a magretic field, the individual nuclear magnetic moments (represented bthe vector arrows) have
random orientation so that there is no net magnetization. In the presence of an applied magnetic field
the nuclear magnetic moments are aligned preferentially witithe applied field, except that thermal
effects cause a distribution of orientations rather than perfect alignment. Nevertheless, there is a net

nuclear magnetization[8]

The sum of all magnetic momerntswill be the net magnetization M as follows:

E By | (P)
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wheregi is the magnetic moment associated with the ith nuclash nuclear magnetic

moment is related to the nuclear spiaflthe nucleus by
i & 2

g is the magnetogyric ratio, a constant for a given typaiofeus. So we can write the net

magnetization of the sample as

E £ 3)

where J is the net spin angular momentum of the sample giving rise to the magnetization M.
If the nuclei are placed in a uniformagnetic field B as in the NMR experiment, a torque

T is exerted on the magnetization vector:

oo (4

The torque in this situation is given by
n E A ©)

Combiningequation 3 and 5 we derive:

H (6)

which describes the motion of the magnetization vector M in the static magnetic.field B
is shown that M precesses about a fixed B at a constantzatellhis is called in the NMR
Larmor frequency ands characteristic of the nuclei involved, and proportional to the
strength of the external magnetic field. Actuaityis the frequency wh which the

magnetization precesses about the magnetic figkthB it is common aso [9, 10]
(7)
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Whereo is a scalar called the gyromagnetitodaEach nucleus has a specific gyromagnetic
ratio, protonofH, f or i nstance, h#hasn=6538%MHz/5774 MHz/

Figure 2. Precession under Larmor frequency in a static magnetic field. The large arrowndicates the

external magnetic field, the small arrow the spin angular momentum of the particle

The above transition occurs at a constant angle to the axis of the constant magnetic field
resulting in the magnetic moment to describe a circular path aBurithe fact this means

that the magnetic moment is characterized by a given projection at axis of the field and the

speed at which the magnetic moments precess around the external magnetic field is called

precessional frequency.
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1.1.3 Quantum mechanicaldesciiption

As described before when a magnetic mongdanteracts with an applied magnetic field B

an interaction commonly called the Zeeman interadgtiaquantum mechanic€lassically,

the energy of this system varies, with the cosine of the angle betwah B, with the
lowest energy when they ardigned. In quantum theory, the Zeeman appears in the

Hamiltonian operatoH as follows:

T He )

Where' H8 the nuclear magnetic moment operator agid Bhe magnetic field applied. This
Hamiltonian is often referred as Zeeman Hamiltonian and if we substitutdrinerms of

the nuclear spin operator | it will é-6]

5 i Ti HTH i 9)

Considering that the magnetic field applied in the z direction the eigenvalues of this

Hamiltonian are simple multiples adi{Ho) of the eigenvalues of.1

The eigenfunctiong of are the wavefunctions describing the possible states of the spin
system in the Bfield. Since( is proportional to the operatds in this case, the
eigenfunctiong of are the eigenfunctions &f, which are simply written as |I7nn bra

ket notation, or alternatively agm, where 1 is the nuclear spin quantum number. The
guantum number m can také+ 1 values: I, F 1, 1- 2, ... ,-I. The eigenvalues df are

the energies associated with the different possible states of the spin. The eigenvalues are

obtained by operating with on the spin wavefunctions:

£ ¥ Fio 40 (P it

Where El,m is the energy of the eigenstate |IBy>substitution in equation 9
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¢ o sl & 4O sl osko (11)

Since |I,m> is an eigenfunction Jgf, with an eigenvalue m,

KO osko (12)

The allowed energies o the eigenstates are obtain and there are

<

(N

=
a(
¢
m

i AT i HiH &

>‘l

(13

There are thus 2I+1 energy levels each of which may be thought of as arising from an
orientation ofe with respect tady such as its projection onos quantitized. Equation 9
shows that the energy separation between the states is linearly dependentagriktic

field strength. For the particularly important case of I=1/2 like proton there are just two

energy levels and two wave functions, m=1/2 andt2:

For a spin with | = 1/2 , m = +1/2 so there are two possible eigenstates with energies E1/2,
+1/2=-+1/2 ohBo. These states are frequently referred to as the Zeeman states. The transition
energyqE between the spin statesolBo. In frequency units, this corresponds¥te (=

2Bo), the Larmor frequency in the vector modéhe Larmor frequency in thesetor model
corresponds to a rotation of the net nuclear magnetization vector apandBiot to a
transition. So in a sample of nameracting spin/2 nuclei, each spin system can exist in

one of two possible eigenstates. At equilibrium, there is &zBalnn distribution of nuclear

spins over these two states
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Figure 3. Component of angular momentum along the magnetic field direction for an s orbital (with
spin quantum number s =1/2). The radius of the circle i/ ¥ I’he energy levels for a spinl/2 nucleus
in an applied magnetic fieldBo. The levels are labelled ecording to their magnetic quantum number,

m

Considering tht for two energy levels, only one transition is possible. We will define the
population numbers in thermal equilibriuin and0 so thatt 0 0 will be the
population difference between the levels. FroexMell-Boltzmannstatisticsve derive the

population ratio

14

Where lg is Boltzmann constant

1.1.4 Bloch equations

In case of independent spit'2 nuclei the motion of the ensemble of spins maydseribed

in terms of the precession of the spin magnetization vedotsuch a model the macroscopic
angular momentum vector is simply dMivhere M is the magnetization arxdis the
gyromagnetic ratioSolving equation @o obtain the expression for thpis evolutionwe

need to retain only the circularly polarized component of the oscillating transverse field

which is rotating in the same sense as the spin precesdibi] as

| <« | Feove || vie (15)

Wherei,j,k areunit vectors along the x y and z axes respectively.
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= 20 L vie < a9
LI}

= 2 feove 1y @
= ENEl REN RIS a9

The solution under the initial condition M(t)=Mis

I, 1 vip «vio < (19
I, d vio €-or < (20)
1,4 oo« (21)

Where ¥1=0 B1. On the application of a rotating magnetic field of frequemeythe
magnetization simultaneously precesses about the longitudinal polarizingJfagigtBand
about the rf field Bat¥1.A s can be seen iigure4 in the frame of reference rotating with
B1 about B.[6, 12]

B, \
N
N ]

N M

mt-‘—-/Bl

Figure 4. Evolution of the nuclear spin magnetization in the laboratory frane in a longitudinal field Bo
and a transverse rotating field B

After the nuclear magnetization vector is rotated by applying magnetic fidlar B short
time, it starts to restore to its original position along the main magnetic fiehdillMgrow
towards M with a characteristic time T This process is called the longitudinal or spin
lattice relaxation. During this process energy of thessis transferred to the environment.
If B1 is applied along the-axis, the net magnetization in the rotating frame will rotate
towards the yaxis. When Bis stopped when the flip angle is°9@&e have a so called 90

pulse. After a 9gulse the magnetion resides in the xglane. M and M, will disappear
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with a characteristic time2I This is called the transverse or sppin relaxation time. This
spinspin relaxation is caused by interaction between spins and not between the spins and

the environmen[11].

m A
= 7 = | . (22
ml A
== 7 = | (29
ml 4o
= T = | (24)

The solution of th&lochequations for a system in which the magnetization has been placed
i n t he by&§90pulse bleng tbe-dxis

1, 25
o g (26)
4, d ml 27)

1.1.5 FID- Spin Echo

The precessing transverse magnetization is very small after an rf pulse. It is detectable,
because it oscillates at a vevgll-defined frequency Larmor frequency. A rotating magnetic

mo me nt generates a rotating magnetic field
magnetic field is associated with an electric field. If a wire coil is near the sample, then the
electric fieldsets the electrons in the wire in motion, i.e. an oscillating electric current flows

in the wire[§].

In Fourier transfan nuclear magnetic resonance spectroscopy, free induction decay (FID)
is the observable NMR signal generated by-aquilibrium nuclear spin magnetization
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precessing about the magnetic fielong zaxis). This norequilibrium magnetization can
be induced, generallyy applying a pulsén theradiofrequencybandclose to the Larmor

frequency of the nuclear spias shown ifFigure5.

90° RE Pulse

Coil envelope = exp(—t/T5)

: Pl

y NMR Signal

x Transverse magnetization Free Induction Decay (FID)

Figure 5. The induction of an NMR signal and theFree Induction Decay FID[13]

The oscillating electric current induced by the precessing nuclear transverse magnetization
is called the NMR signal or frdaduction decay (FID). With NMR spectroscopy we are
capable to magnetize the nuclear spins with a large applied magnetanfiedtso taotaie

the spin polarizations bysingrf pulses to produce transverse nuclear magnetization

finally to detect the small oscillating electric currents induced by the precessing transverse
spin magnetizatiofB].Because the magnetic field can never be perfectly homogeneous not
all spins in the sample will be resonate in the same frequency but andegtrasing
mechanism will occur that will add up to the dephasing caused by the transverse relaxation.
Fro an ensemble of spins considered this ends up to a loss of coherence and as time passes
the individual spins will end up in largely different phase&sHxtra mechanism is called
inhomogeneous broadening and we have to consider in Bloch equations a modified version
of T.the " as[7]

- — —3& 28)

Apart from Bloch equations approach we will now discuss the pulse sequences which were
used frequently in our experiments. At time t < 0, the sample is in its thermal equilibrium
state. Then avthenthe 9@ ul s e i s a p pakid, whith causes thegmagnetieation 6

t o r ot at e-planen Becaude bfé¢he txadsyedse relaxation, the magnetization in this
plane will vanish with a characteristic time. However, this is only true if thenagnetic

field Bo is perfectly homogeneous. If some inhomogeneities are present not all spins will
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precess with the same frequency. There is a distribution of Larmor frequencies, which
causes the spins -ptame. Thie gephasing is oftdastdr than the 6 y 6

transverse relaxation and has a characteristic time constakiVfien measuring

o

0.63 M,

0.37 M

Figure 6. Longitudinal and transverse relaxation

Due to ringing of the RF coil and the recovery time of the receivendtisften used FID.
Whenatttla 180 pul s-axis s bivem the phaseangtedf all spins with respect

t o t-dnei x 0i rplare s énvered.\5Pins that were ahead, because of a higher than
average Larmor frequency, are now behind andlires that were behind are now ahead.
The faster moving spins are behind and the slower moving spins are ahead, resulting in a
rephasing of the spins. At exactly t €8Il spins have rephased, but they immediately
dephase again after t £)2The signabbtained from this effect is called the spin echo, and
has a maximum at t =(R which is the echo time (TE) as seeffrigure7 which is the most
common pulse sequence Hahn spalo sequence (as seenFigure 8 also).Due to
relaxation the maximum magnetization that can be obtained by rephasing of the spins
decreases exponentially in tirf%.7]
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180°

FID

& = O D

Spin Echo

Figure 7. Spin-echo pulse sequence: the magnetization is tipped by a 90 pulse and the spins start to phase

out on the xy planeforming a FID signal. A second pulse flipped the spins 180 and they regroup then

dephase again forming the spin echo signal
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Figure 8. Hahn -echo pulse sequence
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1.1.6 T> Relaxation and Carr-Purcell-Meiboom-Gill pulse

seguence

The CarrPurcellMeiboomGill (CPMG) sequence starts identically to the Hahn spin echo
pulse sequence and it is followed by a traid®dpulsesFirst, at t = 0 a 90pulse is applied
to put the magnetization vector in the transverse plaihhen at t €£la 180 pulse is applied,
causing a spin echo at t £}2Instead of waiting for the longitudinal relaxation to return to
equilibrium another 180pulse is given a t 8§ Bhe accumulated phase of the spins that
started to dephase since the first spin echidoeilnvertedghe spins will rephase, resulting

in a spin echo at t =3 The intensity of this echo will be smaller because of threl@ixation

as seen ifrigure9.[14]

M\) >
90° 180° 180° 180"  180° 180°
“I w"li\' - -7-7-"{""-“ R LT eT'
H ‘. I [ /\ AN A
I T T Tole T o Toie Tole Tole Tple Tole T
/4 ” >
Long delay TE

Figure 9. CPMG pulse sequence

For an ensemble of static spins, #pénecho intensity is not influenced by magnetic field
inhomogeneities, but only by the transverse relaxation mechanism. This sequence can be
extended to an arbitrary number of 180 pulses, which will all give spin echoes. Most of the
times numbers of 18pulses and spin echoes are between 64 and 1024. This way of
measuring Tis much faster than the repetitive Hahn spin echo with increasing interpulse

time and as a result the duration of measurinig Significantly reduced.
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1.1.7 T1 Relaxation and Saturation / Inversion Recovery pulse

sequences

T1 relaxation is the process by which the net magnetizatiagrdws/returns to its initial
maximum value M parallel to B. T: relaxation is referred also as longitudinal relaxation,
thermal relaxation and splattice relaxation.There are two populasequences for
measuring T. The " /2-"/2 also called 9®0 and thé -" /2 called 18890 which are named
saturation and inversioeecovery pulse sequences respectivielpoth sequences the first

pulse prepares the spins and the second pulse measures the magnetization after the waiting
period. In the inversion recovery pulse sequence the preparation pulse inverts the spin
populationand thus the magnetization and the recovery therefore goes-ffterto Mo

where M is the thermal equilibrium magnetization attainable only after waiting for a time

much longer than T [7]
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Figure 10. The spinlattice relaxation time Trwi t h a saturation recovery techn
followed by a variable delay time which allows the growth of longitudinal magnetization Mas it
increases. -€bbo  kBhuesmpienininspectsod the recedvery of t

in (b) where the constant of the exponential growth is T
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For the inversion recovery pulse sequence the range of the magnetizatioras @posed

to Mo for the saturation recovery pulse sequence. The magnetization afterUigigieen

by:

% "HA (29

When for saturation recovery pulse sequence the magnetization aftéligigieen by:

El _—
E Hn (30

1.1.8 BPP Theory

Nicolas Bloembergen, Edward Mills Purcell, and Robert Pound in 1948 proposed the
BloembergerPurcellPound theory known as BPP theory to explain the relaxation constant
of a pure substance in correspondence with its state, taking into account the effect of
tumbling motion of molecules on the local magnetic field disturbBicdn generaliquids

or gases the oscillating field can come from molecules that are in rapid, random, motion
Brownian motion.Such motions are incoherent, they can be Fourier analyzed the range of
frequenciesis continuous and broad and it cardescribed by thepectral density function
Among these frequencies is the Larmor frequency witgchelative contibution governs

the strength of the oscillating field that can cause energy exchange and relakadion.
average length of time that a molecule remairesposition before a collision with another
molecule causes it to change its state of mdtioBPP tkeory is calledcorrelation timel}

[3, 15]. Y(t) is a function related to secommtder spherical harmonics which describes the
orientation of a molecule at timend he after timeJis defined a¥ (t+J . The correlation

function is expressed b which describeshe extent of motion during the peritd 3]

~
3 ”

i IRl 31

where the bar means thdt) is the averagef the entire ensemble of molecul@he new

position of the molecule is relatedits initial position with an exponential form

w
1 1 Hw (32

L.Gkoura
53



Diffusion Studies dfluidsin Mesoporous and Nanoporous Materials using NMR Methods

the time constant sets the scale of time so that the spectral densitshikth is the fourrier

transform of k{J is defined as:

, - . e .o« T
U] QtTQ Qo QmQ Q Qo OpT—

where A is the constant which we will evaluate separately for each relaxation mechanism.
Different values ofjvs J¢)ar e il l ustrated in &, Fpatxvovery sh
is relatively small and 3 reaches its maximum value whel=1/vo when the average

molecular tumbling frequency is equal to the nuclear precession frequency.

J (o)

LI N B S B S B B N S BN B
02 04 06 08 10 12 14 16 18 20

wT,

Figure 11. Spectral density function vsy J15]

Energy transfer between the precessing nuclei and randomly tumbling molecules is most
efficient when spin lattice relaxation tinfe reaches a minimunthis description applies

only for isotropic motion but in most complex systems where a number of translational and
rotational times may be preseApplying the results of a singld into a plot of T versus

(&, T: reaches a minimum & =1/r0=1/2" §. For NMR frequencies betweenlDOOMHz

for various nuclei and different magnetic fields the minimumidfuCtuates betwee@x10

10tg 2x107 seconds.
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Figure 12. Dependence oRelaxation times T. and T2 vs Correlation time ( according to the simplified

theory in which all interactions are assumed to have the same correlation tinf@]

T, as seen irFigure 12 behaves the same way &sbut considering thal> involves
dephasing of precessing nuclear magnetizatiater than exchange of energy betwinen

nuclei and the environmergspirtlattice) the dependence othe molecular motion is
different from that of T. As a resultspin-spin relaxation T processes depend on high
frequency (shortcorrelation timg¢ motions in the same way as processes, but low
frequency motions and other low frequency processes, such as chemical exchange,
significantly shorten 7. SoT. decreases monotonicakg(} increasesandit approaches a
limiting value characteristic of aompletely rigid solid latticeRelaxation occurs only if

there is some specific interaction between the nucleus and its environment that can result in

energy exchangadependent from the types of molecular mof{idnl2, 15].

If we consider that the characteristic times of motion of the molecules can be described with
the correlation time(} that can be considered analogue ofdfieas described abovthen

the T. and T, timeswhere T > T are given for the isotropic rotahal motionswhich
interacs with bipolar interactions, from the following relationships

L.Gkoura
55



Diffusion Studies dfluidsin Mesoporous and Nanoporous Materials using NMR Methods

P 0 T Tt
Y p 1t p 1w ft
P 0 ot ot ¢t
Y p 1t p uw t
o O T i v apr
5o n QP17

where¥ois the Larmor frequency in correspondence with the strength of the main magnetic

field , G is the correlation time of the molecular tumbling motikiris defined for spifl/2

nuclei and is a constant wigh being the magnetic permeability of free spach=i/2" of

the reduced Planck constant, o the gyromagne

the two nuclei carrying magnetic dipole momEgsjt.

1.1.9 Liquid Fragility

In general iquids are relatively dense material phases characterized by their flow under
shear forces. And in these phases there is high molecular mdiikycular mobility has

two aspects: translation mobility and rotational mobility where translation molecular
mobility is defined as the molecules or atoms who slide past each other rather freely and
wander over small distances in a relatively short tRmational molecular mobility means

that the molecules rotate around their ogamtersof gravity in a more or less random
fashion.These types of mobility are very important for NMR, because they tend to average

out many of the nuclear spin interactionmifying the behaviour of the nuclear spii8}.
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(a) (b)
Figure 13. Molecules of aiquid (a) translation mobility and (b) rotational mobility [8]

Inisotropicliquids, the mobilities are the same in all directiovigere in anisotropic liquids
(called liquid crystals the molecules adom nonisotropic special configuration. This
motional anisotropy leads to incomplete averaging of the nuclear spin interactions and,

hence, more complicated NMR sped@h

Director

\

W

Figure 14. In an anisotropic liquid, the molecular mobilities depend on the direction in spacg]

In general the Arrhenius plot is obtained by plotting the logarithm of the rate constant, k,
versus the inverse temperature, 1/T. The slope of the line is equal to the negative activation

energy divided by the gas constant, R.

Where E, is the activation energy in the same units astRTH A A N O AKigtherate E A O A 8

constant, T is the absolute at temperature in Kelvins, A is thexpenential factor
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corresponding to the frequency of collisions in the correct orientaliba. activation
energy, & is the minimum energy molecules must possess in todeact. The slope of
the Arrhenius plot can be used to find the activation endr@ly.

or (34)

= (39

The Arrhenius plot can also be used by extrapolating thedidketo the yintercept to obtain

the preexponential factor, A. The pexponential, or frequency, factor is related to the

amount of times molecules will hit in the orientation necessary to cause a reaction. The

Arrhenius equation is based on the catlistheory meaning that the particles must collide

with proper orientation and with enough enefj§}

y-intercept=In 4
"‘_‘*‘ /
‘“.
",
I'....
Slope= (-Ea/F)
Ink
0 1/ Temperaturs

Figure 15. Arrhenius plot

Liquid fragility is a concept that haseen widely used in the investigation on the glass

communityyThe term oO0fragilityd was first coi

research on the physics of glasses and gtassing liquids[17-19]. If crystallization can

be avoided when a liquid is cooled, it will typically form a gldsgylass physics, fragility

characterizes how rapidly the dynamics of @enial slow down as it is cooled toward the
glass transitionMaterials with a higher fragility have a relatively narrow glass transition

ned

temperature range, while those with low fragility have a relatively broad glass transition
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temperature range. Phydiga fragility may be related to the presence of dynamical
heterogeneity in glasses, as well as to the breakdown of the usuali&iokesn

relationship between viscosity and diffusion

The concept enables the comparison betweengkgsforming liquids with different
dynamic characters by using a general criterion, in which the temperature scale is reduced
by the glass transition temperatuf@e classification of liquids as having different degrees

of 'strong' and 'fragile’' behavibas been advocatéidstly by Angell at as a framework for

describing relaxation in liquid$20]

Liquid behaviorduring cooling is classified between strong and fragile. Strong liquids
become fragile liquids on compression. In some cases, such conversions occur during
cooling by a weak firsorder transitionNear the glass transition temperature the viscosity
increases continuously but rapidly with cooling. As the glass forms, the molecular relaxation
time increases with an Arrheniike (simple activated) form in some liquids, but shows
highly nonArrhenius behaviour in others. The former are said to be stramgdigand the

latter fragile

Angelld sconcept of fragility, liquids with an approximately Arrhenius temperature
dependence together with a physical (phelike) preexponent, are designated as strong
as seen inFigure 16 [21]. As liquids show an increasing deviation from Arrhenius
behaviour, they are considered to be more and more fragieviscosities of strong and
fragile liquidsare shown irFigurel6 as a function of the inverse temperatsealed to the
glass transition temperatureg. Rll liquids will display some noirrhenius behaviour at
temperatures near their glass transition, but for fragile lighidss more dramaticl9, 21].

The representation of log viscosity vs regdénverse temperature Tg/T is also known as

the "Angell plot".
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12

10

Strong liquid

log,, (viscosity (Pa.s))

Fragile liquid

Tg/ T
- - Higher temperature  Towards the glass transition -

Figure 16. Liquid viscosity as a function of scaled temperature(@ T) , il Il ustrating Angel l 6
classification. The viscosities of strong liqguideave a nearly temperatureindependent activation energy,

while the effective activation energy for fragile (less strong) liquids dramatically increases with

temperature on approaching the glass transition temperature, &

Liguids showing only small deviatns from Arrhenius behaviour tend to exhibit only small

changes of heat capacity as the liquid like degrees of freedom are lost or gained at the glass
transition[18]. The degree to which the viscosity displays #grheniusbehavioris often

parameterized by fits to the Vog€ulchei Tammann (VFT) equation,

z]
£t "HO 1% @9
a1

wheredo is the viscosity in the infinite temperature limit angiSthe temperature at which
the viscosity becomes infinite. The quantity D* is a measure of the fragility of the liquid,
called the kinetic strength to differentiate it from the fragility indexicWis defined near
Tg. As D* increases, the behaviour of the VFT equation becomes more Arthkajus

consistent with a stronger (less fragile) lig{dd, 18].
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1.1.10 Introduction to MAS NMR

Magic-angle spinning (MAS) is used in the vast majority of setmte NMR experiments,

and it is ablg¢o remove the effects of chemical shift anisotropy and assist in the removal of
heteronuclear dipolazoupling effects. It is also used to narrow lines from quadrupolar
nuclei and is increasingly the method of choice for removing the effects of homanuclea

dipolar coupling from NMR spectrén very high spinning speep$9]

principal zaxis of

shielding tensor g :
o spinning axis
applied field

Bo

shielding tensor

Figure 17. Representation of a magi@ngle spinning experiment. The sample is spun rapidly in a
cylindrical rotor about a spinning axis oriented at the magic angle (b = 54.74°) with respect to the applied
magnetic field Bo. [9]

Magic-angle spinning removes the effects of chemical shielding anisotropy and
heteronglear dipolar coupling. The chemical shielding tensor is represented by an ellipsoid
as seen ifrigurel7, and it is fixed in the molecule to which it applies and so rotates with
the sample. The angle q is the angle betwegan8 the principal -axis of the shielding
tensor; c is the angle betwethe zaxis of the shielding tensor principal axis frame and the
spinning axis In solution NMR spectra, effects of chemical shift anisotropy, dipolar
coupling, etc., are rarely observed because the rapid tumbling of the molecules in a solution
means thatthe angle q (or in general, g and f) describing the orientation of the
shielding/dipolar tensor with respect to the applied fieddsBrapidly averaged over all
possible values. This averages the (F&d3 dependence of the transition frequencies to
zero on the NMR timescale, i.e. rate of change of molecular orientation is fast relative to the

chemical shift anisotropy, dipdldipole coupling, etc. Magiangle spinning achieves the
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same result for solids. If we spin the sample about an axis inclired atgledr to the
applied field, therd, the angle describing the orientation of the interaction tensor fixed in a
molecule within the sample, varies with time as the molecule rotates with the sample. The
average of (3 cé¢-1) in shown to be

"Hi - CHi 14 "Hi (37)

Where the angleb is between the principataxis of the shielding tensor and the spinning
axisdr is the angle between the applied field and the spinningdagishe angle between

the principal zaxis of the interaction tensor and the applied fieJd9

The angle b is obviously fixed for a given nucleus in a rigid solid, butlikéakes on all
possible values in a powder sampleddfis set to 54.74°, the(8 cogd-1)=0, and so the
averages3 cogd-1>is zero alsoThe interaction anisotropy averages to zetbeafspinning

rate is fast so thafis averaged rapidly compared with the anisotropy of the interaction,

This technique averages the anisotropy associated with any interaction which causes a shift
in the eneggies of the Zeeman spin functions, such as chemical shift anisotropy,
heteronuclear dipolar coupling, but no mixing between Zeeman functions (to first order).
However, it also has an effect on secular interactions which mix Zeeman functions, i.e.

homonuckar dipolar coupling.9]
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1.2 Diffusion

1.2.1 Random walk and Brownian motion

Diffusion is the translational motion of particles, which occurs in all liquids and gases and
is driven by thermal energy. The inducdaddom motion of the particles is called Brownian
motion, and is caused by constant irgiarticle collisionsThis motion is named after the
botanist Robert Brown, who in 1827 while looking through a microscope at pollen of the
plant Clarkia pulchella imersed in water, the triangular shaped pollen burst at the corners,
emitting particles which he noted jiggled around in the water in random fashion. He was not
able to determine thgpecific motiontill Albert Einsteinin 1905 published a paper that
explaired how the motion that Brown had observed was a result of the pollen being moved
by individual water molecule$22]. This explanation of Brownian motion served as
convincing evidence that atoms and molecules ekis. direction of the force of atomic
bombardment is constantly changing, and at different timeepdrticle is hit more on one

side than another, leading to the seemingly random nature of the motion.

Under equilibrium conditionas seen ifrigurel8, molecule®f a system move only under
Brownian motion(thermal conditionsyvhich means that tlivgposition is changedven with
the absence of aoncentration gradient. Thigrocedure is commonly known &l

diffusion a processewhich canbe describethy a diffusion equatioas:
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Diffusion(non-equilibrium) Self-Ditfusion (equilibrium)
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Figure 18. SelfDiffusion coefficient Vs Diffusion coefficient under equilibrium and nonrequilibrium
conditions respectively[23]

Diffusion equations describes theoretically theése changes by transport diffusion and
self-diffusion respectivelyln order to be able to measure sdiffusion coefficient values
we have to labelize the particle to observe their movement. Az seldiffusion process

is described as:

2 dE e , o
== 1 rhe @)

where c* is the concentration of the labeled parti¢23.

By solving the above diffusion equation (proposed in the pa4k we derive the diffusion
propagator P(ir2,t) quantity whit describes the probability density to find a particle in the
position p at time t in the volume element dr with initial positiarat time t=0.For any
other initial condition we can write:

= . E IRERTT T A (39
Where we can replace position by the particle displacement2-r1 so that P(r,t) will be
the averaged propagator which describes the probability density that a particle will be places
in the distance r at time If. we consider a 3limensional homogeneous space where the
molecules are normally distributed ,the average propagator will be described -by a 3

dimensional Gaussian function:

"‘ P« T'HO [ >;_ P (40
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Where r(tf is the mean square displacement of a particle which can be described as
o> <O | whar- B (41)
>

The calculation of the second moment using the average propagator as dds=iobed
result on an alternative definition of the sdiffusion coefficient also known as Einstein

relation:

o> <0 | « (42)

B D=23%10" m¥s

t/ms=1;5;10;20; 40; 80

-50 -40 -30 -20 -10 O 10 20 30 40 50

z-z9/ pm

Figure 19. Spatial distribution of particles due toself-diffusion. The initial position is z-zo=0 and for self
diffusion coefficient of water at 298K.[23]
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1.2.2 NMR and Diffusion in a Field Gradient

Whena static magnetic field gradient {ds appliedthen he magnetic field becomes a

function of position:

”£ ” T ? (43)

Because of the gradient, the Larmor frequency now depends on position:

=

H A €50 (44)

This has two effects. Filgtdephasingf spinsoccursand the also onlg slice selectiors
observabladue to a limited band width of thé pulse.The thicknessi) of the slice is
described as :

T (49

wheret, is the duration of thef pulse. If theRFpulsebecomes longer, the band width
becomes smaller and the slice thinner. A larger gradientdecreases the slice thickness
as illustrated also iRigure20.

RF
frequency

Band| -~ L ‘
width P

fi=4+B,t1G ¢

/

A 4

Slice s -

thickness

Figure 20. RF Frequency vs z axisind slice selection
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The advantage of using a constant magnetic field gradient instead of a pulsed one is that:

) G in the stray field of a superconductive magnet is very strallgying the

measurement of very slow diffusion processes

(i) the time between pulses can be set to very short values, due to the absence of
pulsed gradient stabilization effects, allowing measurements of very short T

values

(i)  the very high G valuallows reliable measurement of diffusion in-TD

experiments with very lowslvalues, which fulfill the experimental constraints
B,
o

04— Spin2, 0, =0, 47,

E—— Spln 1 m(.'q' = 9() +7§'-'_1

o 4—— Spin3, O =0+ V&7,

Figure 21. Larmor frequency in magnetic field gradient
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1.2.3 NMR and Diffusion in Porous Media

Molecules in the porous material will move randomly, they will probe the pore structure and
this will influence the transverse relaxation tenieherefore, NMR can provide information

on the poresize distribution of a porous materidlMR experimets areable toprovide
information on porenoleculeinteractions andhe dynamicsof the examined molecule
through he characteristicelaxation timesT: spinlattice relaxation time and>The spin

spin relaxation timd, is associated witlthe dissipation processes from the spin system
through all the other degrees of freeditralatticeand T2 controls the dephasing within the
spin systemThesetimes arestrongly influenced by the diffusion ttie moleculeshrough
large internal magnetic field gradients arising from discontinuitiegn magnetic
susceptibilities at pore wall interfaces.

Consideing a spherical pore with a volume V and a surface S, which is completely filled
with a liquid. The molecules in this pore will move randomly due to Briawmotionand

this random motion is characterized by the-défusion coefficient @andrelaxation time

T1, T2. Brownstein and Tarr in 1979 calculated the resulting relaxation times \ahéch

largely decreased for molecules near the poreasgall

n
Nk RH1T % A0 R HHHH

T

whereUis the thickness of the surface layef?” is the NMR frequency and S/V surface
to volume ratio. Because the bulk relaxation time is much larger than the surface relaxation
time which means that the principal contribution on the overall rate derives from the surface

term which means that the fiterm can be neglect¢as, 26].
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1.3 2D D-T2and T:-T2 Correlation NMR techniques

Multi-dimensionalNMR experiments became very popula&cently because they can
provide many useful information that one dimensional NMR experiments fail to provide.
They are able to provide information about correlations betwihe variables of the
experiment and be able to distinguish between the chemical or the physical environment.
[8, 10]

Diffusion-editing CPMG experiment in which twdimensional (2D) experiments are
performed with a leading diffusion experiment and followed by sefsitive CPMG pulse

train.

The acquired 2D datasetpsocessed with a 2D inverse transform {RlRhonov) resulting

in 2D maps, which correlates diffusion coefficients and transverse relaxation tifies (D

[

ny
90° i |
Rt: I i B
|

tc1 7 ff

o
. A J
Y hd
e e 12 e

Figure 22. D-T2 Pulse Sequence
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1.4 Tikhonov Regularization algorithm

Tikhonov Regularization is a popular way to deal with linear discreosded problems.
lIl-posed problems violate one of the terms of a-peded problem which means that they

do nothave a solution that is unique and they have a solut@nctimnges as the initial
condition changes. Regularization stabilizes -plbsed problems, giving accurate
approximate solution® often by including prior information (Vogel). The numerical
solution of linear discrete #Hbosed problems typically requseregularization, i.e.,
replacement of the available-dbnditioned problem by a nearby better conditioned one.
One of the most popular regularization methods which allows the evaluation of the singular
value decomposition of the matrix defining the pewbl is Tikhonov regularization
Algorithm. When using this method all the NMR data (eg. relaxation and diffusion) can be

modelled by a Fredholm integral equation of the first kj@d@-31]

M /x (47
0~ /. Ko(x,t)p(x)dx

Where h(t) h(0) is the normalized signal without the noise at time t and p is the density
distributiongoverned by the time constants x agdskthe model function which describes

the signal. In the log scale we have

was /  ko(x.0)f (x)d(10g,oX) “
©0) " Jo

As a result the inversion method provides f(x) and not the actual density distribution The
determination of f(x) from h(t) is the diffituiinverse problem that we have to solve. In
NMR experiments the data that we acquire from the experiments will form an equation of
the form g(t)=h(t)+e(t)where e(t) is the noise which forms a Gaussian distribution. The
model kernel will be of the form

ko(X,t) = exp ( %) (49)
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Our goal is to invert the one dimension al 1D Fredholm integral of the previous equation to
determine the optimal distribution of f(xjp 2D NMR experiments data are acquired
through 2 dimensions the direct anditigirect.Direct dimension is usually the experiments

are acquired through single shot techniques #sdugh Carr Purcell Meiboom Gill CPMG

echo experiments and the indirect dimension is measured through multiple experiments by
varying some preconditioparameter like T relaxation experiments via the inversion
recovery methodWhen we are working with two dimensions we need to extended the
Fredholmequation of the first kind into two dimension$28; 32, 33

hity.t o oo
M = / / ko(x1. t1, X2, 62)f (X1.%2)d(log,oX1 )d(l0g,oX2) -
h0.0) — Jo Jo

Where the index 1,2 denotes the direct and indirect dimension respectively. The analysis of

the data is described as 1D vector which comes from the 2D matrix of the experimental data

A general overview of thieey stages of the inversion process that follows and the structure
of this procedure is shown kKigure23

2D data acquisition

Pre-processing
| Kernel matrix generation
SVD

\ TSVD (data compression) based on SNR I
|

NNLS Maximum entropy Tikhonov

L-curve  BRD  GCV

l—l—l

Fit parameters vector

Interpolate
h 4

2D solution

.....................

Figure 23. The key stages in the inversion of 2D relaxation or diffusion datg9]
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In the final stage of this process we unwrap the 2D data matrix G into a 1D vector g by

stacking the individual columns of &shown in

Figure24. The kernel matrix now will be transformed in order to encompass all the values
of t12 and % on the logo scale, and satisfy the expressgaKof+e. This optimization
problem in this vectématrix notation is shown in the following FigunehereKgis real.
Considering the size of all the vector and matridesermining and storing Kis
computationallyextremelyexpensiveso te following step is to compress G in order to
reduce the size of K

¢~

G —> g g = K, f +

Figure 24. Graphical Representation ofthe transformation of data matrix G into vector g and then the
optimization problem expressed in vector matrix notation(gray scale denotes blacknaximum signal,
white-zero signal)[29]

The degree of smoothing on the solution will be determined by the size of F as shown in
Figure25 which implies there are more unknowns than equations to be sdtvétk case

of Tikhonov regularization, f is substituted with a vector of fitting parameters containing as
many parameters disere are elements @.
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-

-

~

E = Ko

—h>

Figure 25. The compressed optimization problem and the reshape of the solution f into a matrjf9]

The last step in this procedure is to reverse the initial procésg iGorder to get the final
2D distribution F by reshaping the vector f as illustrateéigure25. Further details on the
mathematical approach and on the algorittam be founin Ref[27-29] [31-36]
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2. Experiments

2.1 Experimental Apparatus

In this chapter we are going to present the basic instrumentation used to conduct the NMR
experiments. All the measurements were conducted in Superconductivesoagheatiear
Magnetic Resonance Laboratory of Institute of Nanoscience and Nanotechnology at NCSR
Demokritos.

Figure 26. NMR Laboratory of INN at NCSR Demokritos
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U 4.7T, 9.4T Bruker Superconducting magnet

Superconducting magnef 4.7 T and protortH Larmor frequency of 200MHzt
provides 34.7 T/m constant magnetic field gradienAdditionally experiments were
performed in the superconducting magnet of 9.4T and prtoharmor frequency of
400MHz

U Temperature Controller
ITC5 Temperature Controller by National Instruments

U NMR home build spectrometer

Broadband homéuilt NMR spectrometewas usedoperating in the frequency
range 5 MHz 1 GHz.

Figure 27 NMR Spectrometer at INN

U Frequency Generator

The frequency generatareates the frequency signal for the spectrometer. The radio

frequency (RF) to be set is the sum of the spectrometer's internal working frequency and

the chosen frequency for tlexperiment. It also produces the reference frequency of
10MHz for the spectrometeWe used thd&lational Instruments digital card NI in the

PXI system

U Pulse Amplifier

The pulse package is strongly amplified, and is given forward through the duplexer to

the probe head. Because of the amplifier's slow response the gate/delay is set before the

amplifier
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LINEAR PULSE AMPLIFIER

Figure 28. RF Generator

U Preamplifier

Amplifies the weak spin signal and sends it to the spectrometeanipiication is of 53:5
dB according to the constructors data sheet. Antiparallel diodes are set to the ground before

the preamplifier to prevent damage on it through extruding remnants of the pulse. This way
voltages over 0.6V are absorbed.

U National Instrument PXI Chassis

Figure 29. NI PXI1-1031

The National Instruments PXI031 chassisontains the following:
NI 6534 card
NI 5114 card
PX1-8840Controller
U National Instrument PXI Controller

NI-78434104 2.6 GHz quadorelntel i7-5700EQ PX18840Controller
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7€



Diffusion Studies dfluidsin Mesoporous and Nanoporous Materials using NMR Methods

U Oscilloscope

The received complex signal is shown on the screen, temporarily saved in the memory, and
its average is calculated. Up to one million entries can be summed. Over digital port the

complex data is passed teetcomputer through National InstrumeNis5114card

i Digital I/O

National Instruments NI 6534 card

U Software

The software runs on LabVIEW on a Windows 10 64bit operating system3. Build in
Software in Labview able to conduct 1D 2D and MAGR experiments.

U NMR Probe

Figure 30. Home build NMR probe head able to conduct measurements in 100MHz

The main purpose of the electrical system of the probe head is to deposit the major part of
electrical energy as awscillating magnetic field in the coil where the sample is placed.
Moreover it is supposed to pick up the voltage, which is the response of the spinning nuclear
magnetic moments. In order to avoid reactions the electric impedance of the resonance
circuit has to match the impedance of the amplifiers, which have internal impedances of
50q . As a result on the top of the probe head there is the stainless steel dlarnasim

box which contains the resonance cirq@tcapacitors etc) specifically build in order to

be able to conduct experimemts 100MHzand on the lower part there is the buidcoil.
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Figure 31NMR Probe

Schematic representation of the key parts of the probe. The coil is shown on the left with

the samplé u b e
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capacitor A schematic block diagram of the basic parts of the NMR experiment is shown

in the following figure.

L.Gkoura

synthesizer

pulse
programmer

computer

gated pulse | (Uadrature
amplifier 8 detector
5
T % Re Im
rfgate filters
frequency

ADC

e R
|
|
I
|
|
|
I
|
I ——
I
|
T
| : - [
| match  tune £
| |
| -
| :
| coil
| AN
)
| A\
I
-
—p T signal

——= TTLline

#’ data bus

Picture 1. A schematic block diagram of the basic NMR apparatus
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2.2 Setting up a solidstate NMR experiment

Measurements were performed on a broadband fmntteNMR spectrometer operating in
the frequency range 5 MHz1 GHz. The probe was placed in the stfi@yd of a 4:7 T
Bruker magnet with a magnefield gradient G=34:7 T/m &t NMR frequency of 101:324

MHz.

4,7Tes_la fringe fleld
34,7 T/m

Figure 32. Schematic presentation of the fringe field of a Superconducting magnet

This was achieved by lifting the cryostat at that position of the friinglel of the
superconductive magnet, where the NMR frequency was varying linearly with the position

the magnetic field gradient in thedirection is constant.

maximum
gradient

BO_

o
, = 100 MHz

g=347T/m

»
>

Figure 33. Diagram of B vs z of the magnetic field. The field gradient is constant and linear for a certain

area of z
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3. Carbon Nanotubes CNTs

Carbon nanotubes (CNTSs) are allotropes of carbon with a cylindrical nanostructure. They
are large molecules consisting of a hexagonal arrangement of sp2 hybridized carbon atoms
The distance between any two adjacent carbon atoms is about 0.14 nm. Theé orm o
Carbon Nanotube can be visualized by rolling one graphene sheet seamlessly into a carbon
tube. They are rolledp sheets of singlyer carbon atoms (graphene) as sedrigure

34.

Figure 34. Rolling up a carbon nanotube

There are 2 big groups of CNTs depending on the number of graphene layers. The wall of
the CNTs consists of a single (SWCNT) layer or mult(d®VCNT) layers of graphene

sheets.
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Figure 35. Multiple layers of CNTs

The propeties of a CNT depend on how they are rolledTpe structures can be specified
completely by their chiral vectors, which are defined by the chiral indices (n, m) giving three

different types of CNTs; armchair, zigzag, and chiral.

(n,0) zigzag

~ C, =na, + ma,

(n,n) armchair
Figure 36. Chiral Vector of CNTs

The interlyer separation of the graphene layers of MWCNTS is approximately 0.34 nm in
average, each one forming an individual tube, with all the tubes having a larger outer
diameter (2.5 to 100 nm) compared to that of SWCNTs (0.6 to 2.4 nm). The latter has a
betterdefined wall, whereas MWCNTSs are more likely to have structural defects. The quasi
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onedimensional character of SWCNTSs has attracted more and more research attention on
the water adsorption on their surface, partly due to the fact that SWCNTSs can be ased a
model system for understanding water transport in biological cells and possibly for drug
delivery applications Many cancer drugs are hydrophobic in nature and CNT is one of the

potential materials as drug carrier

3.1 Single Wall Carbon Nanotubes (SWCNTs) Double Wall Carbon
Nanotubes (DWCNTs) and Multi Wall Carbon Nanotubes
(MWCNTS)

3.1.1 Materials

Purified and opeended SWCNTs and DWCNTSs were purchased from SES research, USA.

Picture 2. SES Research samples of CNTs

The inner and the outer diameter of the CNTs used in this work are represented in the

following tables.

Carbon Nanotubes Inner/Outer diameter
Single Wall 1.2nm/ 2.0nm
Double Wall 3.5nm /5.0nm

Average length ~&m

Table 1SWCNTS and DWCNTSs inner and outer diameters
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The outer/inner diameters of the CNTs used in the first part of this work were 2/1.2 nm for
SWCNT and 5/3.5 nm for DWCNT. Both types of CNTs had average lergth 1
Morphological analysis of the CNTs was penigd with Transmission Electron
Microscopy (TEM) using an FEI Tecnai G20 microscope with a 0.11 nm point to point
resolution, operated at 200 kV in the infrastructure at INN on NCSR Demokritos. For this
analysis, approximately 1 mg of each sample was disgem 20 ml of high purity
cyclohexane (Merck, 99.9 %) via sonication (15 s) a drop of each suspension was deposited
on copper grids (400 mesh) covered with a thin amorphous carbon Im (lacey carbon). To
avoid contamination, CNT samples were inserted th® TEM machine immediately
following preparation. Bright field images were collected at several magnifications in order
to observe structure and size homogené&iiyure 37 shows representative TEM images of
SWCNT and DWCNT samples.

Figure 37. TEM images for the SWCNT (left) of outer/inner diameter of ~ 2/1.2 nm and DWCNT
(right) of diameter of ~5/3.5 nm
FurtherMWCNT samples were purchased from Nanocs, USA with inner diameters of 3.0
nm, 5.0 nm, 5.5 nm, and 6.0 nm and outer diameters <815, 2630nm and 30
40nm respectively. The length of the CNT channels were abeat 20d all the CNTs were
open ended gwovided by the manufacturer.
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Carbon Nanotubes Inner/Outer diameter
Multi Wall 3.0nm / <8.0nm
Multi Wall 5.0nm/ 1615nm
Multi Wall 5.5nm / 2630nm
Multi Wall 6.0nm / 3640nm

Average length ~3:20em

Table 2MWCNTS inner and outer diameters

Figure 38. Representative TEM images of the MWCNT samples. The inner diameter of CNTs is

indicated within each image
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3.2 Unveiling the ultrafast stratified diffusion of water inside carbon
nanotubes; direct experimental evidence with 2D B> NMR

spectroscopy

3.2.1 Preparation of the sampledor NMR measurements

For the NMR experiments, CNT powders were used with no further treatment and-double
distilled water was used in alheasurements.aiples with different waterontent were
prepared by immersing CNT powders in deionized water, inside NMR quartz tubes (inner

diameter 3 mm, length 25 mm) as seeRigure39

Figure 39. Preparation of the samples for NMR measurements

Specifically, 30 mg of SWCNTs and 40 mg of DWCNTSs were mixed in the tubes with 260
and 27@I of deionized waterespectively. Samples were let to come to equilibrium at room
temperature for a couple of hours. The NMR tubes were then connected to a vacuum system
as seen irigure39and air was carefully pumped out to ensure water entering into the CNT
nanotubes. A water loss of-50 €l was observed at the end of the process. Subsequently,
the NMR tubes were left at ambieconditions for different time intervals, ranging from 8
hours to 96 hours, to prepare samples with different vcatetent. Each sample was then
flame sealed under low vacuum. With this procedure ottezall water content in the
DWCNT samplesas seenn Figure40 was measured to be 260 (fully saturated), 9|
(medium saturated) and &lqlow saturated). ratios of the total area of the reletdmMMR

T, distributions (obtained after inverting thel NMR CPMG spin echo decay train, as

explainedater).
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- DWCNT high saturation
= DWCNT medium saturation
- DWCNT low saturation
— SWCNT high saturation

A
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Figure 40. Diffusion profile of water in SWCNTs and DWCNTSs at room temperatures at different water
content. For better visualization the spectra are rescaledccordingly. Upon the lowering water content,

the profile moves toward higher values of D, in agreement with MD simulation result37]

A good match between the two sets of measurements was obtained. Subsequently, the
nanotube water saturation level was eated by comparing the areas corresponding to the
low T, signal component of the nanotube water, considering that the nanotube water
saturation of thérst sample is 100%. In this way the nanotube wsdgirration level of the

three samples ikrigure40 was estimated to be 100% (fully saturated),7606 (medium

saturated), and 3B85% (low saturated). It should be stressed that

0] only a thin samplslice is observed wittH NMR in the strong magneticeld
gradient in the strafyeld of the superconducting magrees,shown irFigure20
on the theory parn page6, so exact volumetric analysis from the NMR water

signal is not possible

(i) most water in the fully hydrated sample is coming from bulk water, as only 12

15% of the signal intensity remains after freezing to 275 K
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3.2.2 '"HNMR T4, T2 and T: -T2 relaxation analysis of water in CNTs

1D *H NMR spintlattice relaxation Tand spirspin relaxation Tmeasurements, as well as

2D T:-T> correlation spectroscopy were performed
1 in magnetic field 9:4 TatLarmor frequency 400 MHz

1 in the stray field of a 4.7 T superconductive magnet at Larmor frequency

101.324MHz
1
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Figure 41 'H NMR CPMG spin echo decay of water in DWCNT, at room temperature, in a magnetic
field 9.4 T (400 MHz). The yellow line is the theoretical fit by applying the 1D Tikhonov regularization

inversion

Figure41 shows the spin echo decay obtained with a CPMG pulse sequence in 9:4 T, of
water in DWCNT sample, at room temperature. The yellow line is the theoretical fit by

implementing 1Bnonnegative Tikhonov regularization algorithm.

In Figure 42 we applied 1bnonnegative Tikhonov regularization algorithm for the T
distributionin 9.4T (gray circles). Water is shown to be grouped in two maipedks; a
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low-intensity narrow peak with;= 1:2s (bulk water), and a second broad line with a peak
at 10 ms, corresponds to interstitial water as well as nanotube water. These assignments are
confirmed with & measurements (cyan circles), obtained with the inversion recovery pulse
sequence’ (1 t- "/2). T1 shows a peak withivalue coinciding with the longzIcomponent

(as expected for bulk water), and the second one wittallie significantly higher than the
short T, component, as expected for interstitial and nanotube water molecules. mporta
observation is that the>Tprojection of the BT> contour plot at 295K (green circles),
coincides with the Fdistribution of nanotube and interstitial water at 9.4 T (grey circles).
This is a direct evidence of the correct assignments of the wataissignthe 2D BT>
measurementyhich arepresentedn the next chapteHowever, in the fringe field of the
magnet effective I values are influenced by the diffusion in the strong magnetic field
gradient{38] To minimize the contribution of bulk water into the NMR signal, the repetition
time of the D- T2 NMR experiments was set to 1 sec. At lower repetition times sample

heating was observed, due to the extremely high numbepofses in the CPMG pulse

train.
E. 50 O To@94Tesla
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Figure 42. The graph shows the relevantH T2 distribution (gray circles), *H T distribution (cyan

circles) as well as T distribution obtained from 2D D-T2 (green circles)
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Figure 43. The T:1-T2 NMR pulse sequence used in the experiments

t;

The 2D*H NMR T:-T2 pulse sequence is shownRigure43. It consists of a” -t11 "/2
InversionRecovery pulse sequence, followed by a CPMG-spho decay traif89, 40].
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Figure 44. The CPMG spinecho decay for three different b time
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Figure44 demonstrates the SEDs at three differertalues. The intensity of the SEDs as
a function of ¢ look to vary from negative values for shaytvalues to positive values for

long b values, fdowing the relation:

<«
SR o3 m) (51)

However, in the presence of a broadahd T; distribution, thetH NMR T1-T2 spectrum,
i.e. the distribution function f({T2) [29] is obtained by applying a neregative 2D
Tikhonov inversion algorithm on the time domain data, according to the equation:

|

= .
m’ ¥ WA ™™ (52

A
3

-_—
¢
>

TheH NMR Ti-T2 spectrum of DWCNTS at room temperature is present&igimre 45.

To further examine different water groups in CNT$ NMR Tii T2 correlation

spectroscopy was performed under static conditions (no MAS), as sh&igume45. 2D
TadToprovides information about the #Aliquidit.)
general, molecules in unconstraint liquid environment are characterizedibyi,Twhereas

molecules in a rigid (solid) environment showlT Ti. In this context, bulk water with,T

a 1, Tsemifree interstitial water with 7< T1, and solidlike nanotube water withsIL Ti

can be distinguished fRigure45.

It is stressed that according to MD the interaction of water with the CNT walls depends on

the wall curvature; in the outer space, water molecules are shown to interact moderately
with the exernal CNT surfaces, whereas inside the CNTs, water molecules do not interact

with the CNT wallg41, 42]. Evidently, the very short2iT: L 1 rafo of water inside the

CNTs indicates that nanotubular water molecules are in a rigid molecular environment. This
fact corroborates with the predictions from Mddmulations which show that water

molecules in CNTs are organized in hydro¢gpgemded nanotubat clusters
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Figure 45. Contour plot of the static (no MAS)H NMR T 11 T2 spectrum of water in DWCNTsobtained
with the help of a 2D Tikhonov inversion algorithm in 3.5 nm DWCNTs sample, at room temperature.
On the basis of the }/T1 ratios, three different water groups; bulk, interstitial and nanotube are

resolved

Figure46shows the experimental data of an 1D inversion recovery experiment on DWCNTSs
in magnetic field 9:4 T, under static conditions (no MAS spinning). Using Tikhonov
inversion we derivehe relevant Tdistribution which is shown ifigure47. A weak peak

at Ti~1:2s is observed, which corresponds to bulk water, and a second one at ~150ms,

corresponding to nanotubular and interstitial water.
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Figure 46. The Inversion Recovery curve as obtained by recording the signal intensity of the first spin

echo
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Figure 47. Ta distribution by implementing 1D Tikhonov inversion algorithm on the relaxation data

presented inFigure 46

Results are in full agreement with the high resolutidnMAS NMR T: measurements,

shown in the following chapter.
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3.2.3 MAS NMR T : relaxation analysis of water in CNTs

The H magic angle spinning (MAS) NMR experiments were performed at room
temperature on Bruker (AVANCE 400) NMR spectrometer in Khalifa University in Abu
Dhabi in 4 mm rotors and at spinning frequency of 12 KFigure48 shows thefH NMR

T distribution analysis of water in DWCNTSs.

peak 1|| Peak 2

12 kHz
- . P

01 1 10 100 1000 10000 20 10 0 -10
time [ms] frequency [ppm]

Signal Intensity [arb. units]

Figure 48.'H MAS NMR T 1 analysis of water in DWCNTSs, at room temperature. The righpanelshows
the relevant'H MAS NMR spectrum at spinning frequency of 12 kHz. Peak 1 corresponds to bulk water
and the broad peak 2 to nanotube/interstitial water. The main panel showd#i MAS NMR relaxation
data from the shaded areas of the spectrum (saturation recovery curves). The solid lines are theoretical
fits by using an 1D inversion algorithm.

The rightpanel ofFigure 48 shows the relevartH MAS NMR spectrum, obtained at a
spinning rate of 12 kHz. Two peaks are observed, in agreement with the lit¢dsjuae

broad one at 2.73 ppm, which is attributed to water inside the CNTs (nanotubular water) and
possibly to water in the space between the CNT bundles (interstitial water) and a relatively
narrow peak at 4.9 ppm, very closdle frequency of bulk water, 4.8 ppm. The frequency
shift of the first peak from the frequency of the bulk water may be assigned either to less
number of hydrogen bonds per water molecules inside CNTs or to shielding from ring
currents induced on the CNTalls [43]
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The main panel dfigure48 shows the experimental relaxation data acquired separately on
each of the two peaks, by using a saturation recovery techdidud.he T, analysis was
then performed by implementing an 1D inversion algorithm on the relaxation data which is

shown in the followind~igure49[29].

pealk 2
—peak 1 {xd}

1 10 100 1000 10000
T1 [ms]

Figure 49. T1 distributions of bulk and confined water, respectively, obtained by the invelisn

It is observed that bulk water acquiresdi st ri buti on with peak at
corresponding to the shaded area around 4.9 ppm), whereas the nanotube/iniextsitial

holds idi stri bution with a peak at &0.15 s (cy.
around 2.73 ppm). Both values are sufficiently shorter than that of distilled bulk water T

2 s because of the unavoidable presence of paramagnetic impnritles CNT walls. The

weak violet tpeak at a0.15 s belongs to the tail
which overlaps with the NMR signal of the bulk water. In addition, a second wegzdak

at a1 s is observed i n smhllecomponennoftheiconined whi c h

water acquires bulk water dynamics.
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3.2.4 2D 'H D - T2 relaxation analysis of waterin CNTs

'H NMR 2D diffusior relaxation 2D D T> measurements were performed in the stray field

of a 4.7 T Bruker superconductive magnet providing a 34.7 T/m constant magnetic field
gradient atH NMR frequency of 101.324MHz. The experiments were carried out by using

a pulse sequence with more than 5p0Ges. The temperature was controlled by the ITC

5 temperature controller in a flow type Oxford cryostat as described above. The accuracy of
the temperature was 0.1 K. A 30 min time window was allowed at each temperature before
collecting data. NMR datavere analyzed using a modified version of 2D -negative

Tikhonov regularization inversion algorithm code.

We applied wo-dimensionatH NMR Diffusion SpirSpin Relaxation Time £z in order

to study water diffusion in CNT3he D-T pulse sequence is shownkigure50.

2 train of 180" pulses
90" 180" I 1

i

90° 180°
AAAAAAAAAAAAAAAAAAAAAAAAAA
—> t <— .
<’—D><’—D> ume .

Figure 50. Upper panel: 2D D- T2 NMR pulse sequence usefbr the measurements

It consists of /2 - tb- *~ (Hahn echo) pulse sequence, followed by a train of 5000 pulses,
generating a CarPurcelltMeiboomGill (CPMG) spirecho decay (SED) trai9, 4Q].

The /2 pulse durationwas settest and t he CPMG i nter pesl se ti
D-Tdata were acquired with a seriesjyof 1D
dimension, were col#ed in a single shot, by recording simultaneously the intensity of all
CPMG echoes. Data in the dAindirecto di men
experiments by incrementing 29, 39 Overall, 3640 experiments were performed with

tp values between 3@ to 100@s in logarithmic scale, but practically the NMR signal for
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most experiments disappears after-38Ces, due to the extremely strong magndield
gradientFigure51 demonstrates the decrease of the intensity of CPMG echo trains at three
different b values 5¢s 133¢s 23@s.

T T T
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Figure 51. CPMG spin-echo decay of water in saturated SWCNTSs, at room temperature, acquired at

three different tp values

Figure52 shows the decrease of the signal intensity of the firstesghio as a function of
tp. The solid line ighe theoreticalit accordingo the relation 39, 40, 45, 46]

| . -
E E"H A (53)

Whereo, D and G are'H gyromagnetic ratio, diffusion coefficient and magnetic field

gradient strength, respectively
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Figure 52. The signal intensity of the first spirecho versusd and the solid line is the fitline using Eq.1

In the presence of a broad distribution of diffusion processes and relaxation timeqg,sthe D

signal intensity decays according to the relafig® 40]

oA, B K K miu AsSA e

where D is the diffusion coefficient,>Tis the transverse relaxation timethe proton
gyromagnetic ratioan@ ¢O whereO is the variable delay between the pulses as shown

in Figure50and f(D; T) is the distribution functin of D and }. The first two exponential

terms describe the signal decay of the first echo, in the diffusion part of the pulse sequence,
due to both diffusion and transverse relaxation and the third exponential term describes the
echo attenuation during the CPMG pulsie® to the transverse relaxation. To determine
ASh  achange of variabldd O O asvas appliedThis allows separation of the D and

T» axis, resulting in the following expression:
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HR T g AR CHAM 69

Because of this transformation a few number of echoes at the beginning of the data array is
not taken into consideration in the 2D inversion. kEsthexperimentshe first 5 echoes out

of 5000 echoes weexcluded, which accounts for NMR signals withcbmponent shorter

than ~0:2 ms to be invisible-D; (i.e. the f(D; ) distribution function) were obtained using

a 2D nonnegative Tikhonov regularization algorithf@7, 29] developed in Matlatas

descrbed in the theoretical part Chapterl.4

In case of diffusion in a bundle of randomly oriented-dimeensional (1D) nanochannels,
Eq. 1, whichdescribes unrestricted 3D diffusion, should be modified in order to take into

account
(1 the 1D properties of the diffusion

(i) the random orientation of the CNTs in respect to the external magnetic field

gradient G.

This issue was addressed by Callaghdri who demonstrated that water diffusion in
endosperm tissue of wheat grains, when simulated with diffusion in 1D randomly oriented
array of capillaries, and averaged over all solid angles, givesesphm attenuation 13

accordng to relation:

(56)

"ta (57)
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Figure 53. Decay of the first spin echo in the CPMG echo train of the external water (white circles) and
the nanotube water (yellow circles) in DWCNTSs as a function ofbtat RT. The blue and black lines in
the inset are the theoretical cawves acquired using Eg53 for isotropic 3D and Eq56 for restricted 1D

diffusion, respectively

The difference in the spiecho decay between unrestricted 3D diffusion and restricted 1D
diffusion is excellently demonstratedkigure 53 which shows the aay of the first CPMG
echo as a function ofd for external water (white circles) and nanotube water (yellow
circles) in the case of partially wateaturated DWCNTs at room temperature. For reasons
of comparison, the theoretical SED curves acquirelquations3for bulk water diffusion
(blue line)andEquation56 for 1D restricted diffusion (black line), are shown in the inset of

Figure 53

The difference in the spiecho decay between unrestricted 3D diffusion and restricted 1D
diffusion is excellently demonstrated in Figure 53, which shows tteeyds the first CPMG

echo as a function of t3D for external water (white circles) and nanotube water (yellow
circles) in the case of partially watsaturated DWCNTSs at room temperature. For reasons
of comparison, the theoretical SED curves acquired lwat@n53 forbulk water diffusion

(blue line) and EquatioB6. While the spirecho attenuation for unrestricted 3D diffusion
decreases linearly in the selog plot, the spirecho intensity of 1D diffusion decreases
with a successively declining slopeisinoticed that the inversion of the theoretical 1D spin
echo decay curve gives rise to an asymmetric distribution of D with a long tail towards the

low D valuesFigure54.
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Figure 54. Seltdiffusion coefficient D distribution simulations acquired by implementing a 1D Tikhonov

regularization algorithm on the theoretical 'H NMR Spin Echo decays of

This is the fingerprint of uniform 1D restricted diffusion in a set of randomly oriented
nanochannels. SEDs of nanotube water in DWCNTSs reveal unambiguously the profile of
1D restricted diffusion. Notably, at short times a very fast diffusing water component is

observed as demonstrated by the very steep initial slope.

We applied wtic 2D ( D 12) INMR experiments were performed in the stray field of a
superconductive magnet of 4.7T with a constant magnetic field gradient G = 34.7 T/m. The
conventional 1D NMR method for measuring water diffusion in a constant magnetic field
gradient is to momdr the'H NMR spinecho decay and then fitting the obtained decay curve
to Eq. 1 wh e r’ ed/sY) it @yromaghedic rdtid fd, and D the water
self-diffusion coefficient (D = 2.3 x 18 m?%s for bulk water at room temperature). The
linearly exponential part of the decay corresponds tothe NMR s p i relaxatipri, n T

whereas the cubic exponential decay correspondid dMR spinecho dephasing in the
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magnetic field gradient G, in the presence of diffusional motion. In the case ofifeomun
diffusion processes with multiple D values, diffusion is expressed with a distribution
function f(D), which is obtained by implementing an appropriate 2D inversion algorithm
[29] as explainegbreviously In this method 2D data are lexicographically transformed in a
single column and subsequently inverted by applying a 1D Tikhonov inversion. The
inverted data are presented as 1D vector, where the 2D spectrum is encrypted. Unwrapping

this againm 2D provides the 2D BT contour plots.

It is extremely difficult with conventional 1D NMR diffusion experiments to disentangle
water components with overlapping D coefficients. ConsequéatMR studies of water
diffusion inside CNTs have been repakia the literaturebut only presented weighted D
values[48-50]. To overcome this obstacle, we take benefit of the fact that nanotube wate
interstitial water, and bulk water acquire differeatvalues. Diffusion differences can be
thus acquired by analyzing signals in differeatwindows. This intricate assignment of
diffusion differences in Fresolved water groups was excellently destrmated in the past,

through the'H NMR study of water mobility in hydrated collagen[B1]

In Figure55we present h e 2 Dronur Plots of water in SWCNTs and DWCNTSs at

selected temperatures. Signals at different temperatures have been scaled accordingly to
improve visualization.We observewo main peaks representing water inside the CNT
channels (nanotube water) with veryshaysft a0. 5 ms and exgaer nal
aA410712 ms. The latter comprises intesstitio:
of bulk water in the very strong magnetic field gradient in the stray field of the magnet is

sufficiently shorter than that in a homogeneous magnetic fiefhil.
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Figure55. Cont our pl ot sspeotfaof ater iN SVMRCND (leff panel) and DWCNT (right

panel) at selected temperatures. Two main components are seen at each terapee, corresponding to

nanotube water confined in the CNTs (low T values) and interlayer and bulk water external to the

CNTs (high T2 values). Plots at the left side of the contour plots are the relevant D projections.

In both CNTs, external watert t ai ns D Vv®m¥satagoord @mperature, ihih

is close to that of bulk watddpon lowering the temperature, water mobility decreases and

the signal shifts to lower D values, as expected. At the samethe intensity of the NMR

signal fromthe external watellecreases rapidly. It is noticed that part of the signal persists

even at temperatures | ower than the typical

agreement with previoudd MAS NMR measurementgt3]. Therefore, the signal of the

long T> water component, which remains at temperatures belowwtiter freezing

temperatur e, cannot be assigned to Abul ko we
S

the space betweénh e CNT bundl es (confined w&3er i k-
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3.2.5 T2 Projection of D-T» contour plots

Figure56 presents the zlprojections of 2D D T2 spectra at selected temperatures for both
SWCNT and DWCNT. Each projection mainly has two peaks; a shgrpeak
corresponding to the nanotube water (water in the interior of the CNTs) and aJong T
component assigned to the external water. A rapid decrease of the signal intensity of the
external water is observed by decreasing temperature, unveiling tbenpeeof the

nanotube water.

0.1 1 10 10001 ' 100
T, [ms] T, [ms]

Figure 56. Water Tz projections obtained from 2D D- Tz contour plots in (&) SWCNTs and (b) DWCNTSs.
For clarity, the projections have been normalized. Fits (dashed lines) were performed with inversion of
a stretched exponential spin echo decay and a logrm distribution of T 2. The short and long &

componentscorrespond to the nanotube and the interstitial water

As previously discussed, in the-Or> experiment the bulk water signal is included into the

external water signal. It is very difficult to estimate the total amount of the bulk water in the
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sample, because only a samgpliee is observed in the strong permanent magnetic field
gradient(as digussed inFigure 20 of Chapter1.2.2. An estimate of the bulk water
percentage in the "observed sampleeslitom the NMR signal loss above and below the
bulk water freezing temperature 27333 is 0.7 of the total water contefite-water is not

observed because of the extremely sheyt T

T T T T T T T T T 20 T T T
(@) SWCNT I | (b) DWCNT
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Figure 57. Temperature dependence of watef z inside a) SWCNT and b) DWCNT samples. The green

and cyan datapoints are nanotube and interstitial water . components respectively.

Figure 57 shows the temperature dependence of th@ekk positions. Upon lowering
temperature, the short Tomponent in SWCNT shifts to lower values, from ~2 ms at room
temperature to ~0.2 ms at 265nKile remaining almost constant at ~0.5 ms in DWCNT.

On the other hand, the long Gomponent shows an apparent local minimum at about 285

K for both samples. This might be related to the change of hydrophobicity, as discussed in

a recent NMR publicatiof4] but more work is required to examine this point.
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3.2.6 D Projections of D-T> contour plots

The D projections shown at the left side of the contour pldigure55have a contribution
from both interstitial anechanotube water signals; the diffusion peak from water inside the

CNTs is distorted or even masked by the signal fronexternal water.

In orderto uncover the water dynamics inside BT channels, the D projections of

nanotube water from both SWCNTs and DWCNTSs were separately calculated, as presented

in Figure58.
T AL T T T bl T
_ 295 K

T=285K |

j 7 it 275K
J\ 265 K 265 K
LR RLL | LA | LB LR L) | T LR | T MLRAL
1E-11  1E-10 1E-9 1E-8 1E-71E-11  1E10  1E-9 1E-8 1E-7

D [m?s] D [m?/s]

Figure 58. D projections of nanotube water in (a) SWCNTs and (b) DWCNTSs. The insets show the
selected areas of projection. For better visualization spectra are normalized to one. The red line at 275
K in SWCNT is the simulation curve of water diffusion in a bundle of randomly oriented CNTs. The
dark cyan line is the relevant simulation curve of unrestricted bulk water diffusion. In DWCNTS,
nanotube water shows stratified fast diffusion. The red line corrggonds to shell water as in SWCNTS,

whereas the cyan line represents the axial fast nanotube water component.

In the case of SWCNTs (left panel of thiggure58a, at temperatures below 285 K, the D
projection exhibits the characteristic ldwtail, encountered with 1D diffusion in randomly
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oriented CNTg447]. This is manifested with the theoretical red line details are proasied

follows, which simulates accurately the expeental spectrum at 275 K.

Short T values might distort the setfiffusion coefficient Ddistribution[55] This is so as

short > might enhance the spin echo decay at long interpulse time delays, giving rise to
illusively high D-values (tails in the direction of the highvalues). In order to examine the
reliability of the inversion algorithm used in this work at very shoervdlues, we have
compared the Eprofiles of experimental and simulated D, data, by using simulated data
with T> values similar to the experimental ones, but only a single diffusion coefficient D
value. All other used inversion parameters were kept exdalgame for both simulated

and experimental dat&igure59 presents the results of this comparison for the cases of (i)
fully hydrated DWCNTs at 285 K ar(d) partially hydrated DWCNTSs at 293K.

T=285K
Fully saturated

S —
1E-11  1E-10  1E-9 1E-8 1E-7 1E-6
D [m%s]

T=293K
Partially dried

1E-11  1E-10  1E-9  1E-8  1E-7  1E6
D [m?/s]
Figure 59. Comparison of the seHdiffusion coefficient D distribution of water in (i) fully hydrated
DWCNTSs at 285K (black line in the upperpanel) and (ii) partially hydrated DWCNTSs at 293K (black
line in the lower panel), as obtained from BTz experiments with sSmulated data (blue lines). It is noticed

that simulated data acquire similar T2 distribution with the experimental data but only one D-value, D

=1:8 x 10° m?/sec.

Despite the very short>value, the simulated data are shown to acquire only a slight

broadening of the Bdistribution, which is an order of magnitude narrower than that of the
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experimental spectra. This provides straightforward evidence that the skaltids in the

very strong permanent magnetic field gradient G = 34:7 T/m used in ttkisdemot create

any significant artifact in the I, spectra. In addition the proposed method acquires reliable
information even in the case where the external water masks almost completely the D

projection of the nanotube water, as showRigure60.

0.01 1 100
T, [ms]

T T T T

1E41  1E-10  1E-9  1E-8  1E-7  1E-6
D [m?/s]

Figure 60. The D-projection of water in fully water hydrated DWCNTs at room temperature, as
obtained from the relevant DTz spectrum. The blue/red lines correspond to the individual b
projections of the external/nanotube water with the high (short) tvalues

Furthermore, it is noticed that the validity of our experimental analysis is in agreement with
recent results by Kauseét al.[55] on the sensitivity of BI> measurements. They introduced
two parametertland C (equations (3) and (5) in their article), which measure the relative
strength of diffusion/relaxation and what they call diffusion contrast. According to their
analysis the inversion of the D, data is reliable itO01 and C has -Nwithues
the 1 being the ideal value. In our study, for the shef@omponent= 1:3 and C has

intermediate values reaching a maximum value of 0:7.

Backin the Dprojections theifting of the curve to the 1D model withumique D value is
consistent with the confinement of water molecules in a randomly oriented array of CNT
tubes with short (hanometer scale) inner radial dimension but long (micrometer scale) axial
dimension. Most importantly, the restricted diffusion in GMT's acquires D values close

to that of free water, in agreement with Nibthe literaturg56]. In DWCNTsFigure58b,
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the D distribution of water inside the CNTs attains a more intriguing picture. A8b K,

the diffusion profile of the nanotube water can be resolved in two components having
different dy)a mi ¢s wi th D peaksS®andedsd @ AR m¥s. his 42 . 581
corroborates with neutron scattering experiments, which show the presence of two different

water groups, that is, a shell of water close to the CNT walls and awatenat the center

of the CNTY57]. The stratified arrangemeaof water in the DWCNTs can be explained by

considering
) the larger inner size of 3.5 nm in comparison to the SWCNT

(i) the repulsive Coulomb forc$8] between next neighboring oxygen atoms,

which become important when water is squeezed into the hydrophobic CNTs

According to MD, depending on the CNTs diameter, the free energy of the nanotube water
molecules shows a number of minima ie tiadial direction. In this energy configuration,

water molecules reside at the local minima, giving rise to a stratified water arran§@énent

59-61]. At low temperatures, the radial exchange of water molecules among different water

shells is prohibited by the energy barrier, and water moledifeise preferentially in the

axial than in the radial directigmm6]. In this picture, water inside DWCNTSs is organized

into shell and chamwvat er |, the | atter showing astoni shi
timeshigher than that of bulk water. This behavior was not observed in SWCNTs because

of t he small confinement size of al nm. It
liquefaction and fast exchange of water molecules between the two shells becomes possible.

This explains the merging of the two diffusion peaks into a single one at 295 K in the
DWCNTSs, which is observed irigure58b. Evidently, at this tempenate water molecules

in the two different tubular shells overcome the energy barrier and fast exchange takes place

in the radial direction. This effect is similar to the higimperature icgvater shell melting,

observed in SWCNTs with neutron scatteringenxmentg57]. We notice that the diffusion

of water molecules is further enhanced upon decreasing the water content in the CNT

samples, in agreement with the theoretical predic{i8ris

In the materials section we showésgure40) the D-distribution profile of water, at room
temperature, in SWCNT as well as in three DWCNTs samples with different water contents
as shown here iRigure61 on the left panelResults show that by reducing water, a very
broad distribution of D unveils, which decomposes into a very broad fast diffusing
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component belonging to the nanotube water and a second one belonging to the external

water.

1E-6

1E-7

1E-8

D [m?/s]

1E-11 1E-10 1E-9

; : -
01 0.01 1 10 100 1000
T, [ms]

Figure 61.'H N MR 2Bdectrum of DWCNTSs with intermediate water content corresponding to the
black line in panel. Left panel D-profile of water in SWCNTs and DWCNTSs, at room temperature at
different water content (Figure 40). Upper panel: T projection obtained from 2D D-T2 contour plot of
DWCNTs

To summarize the results, a schematic representation of the water groups in SWCNTs and
DWCNTSs is shown irFigure62. According to the NMR experiments, i&NT with an
inner di ameter of al. 2 nm, only a single
(represented by the red sphereshia figure), in agreement with th&ID [59, 60]. Water
molecules of this group have séiffusion coefficients (red squares ime figure)
comparable to that of bulk water. Rem k abl y, i n DWCNTs with an
nm, in addition tahe shell water, a second water component is observed (cyan spheres in
the figurg, with sufficiently higher D values in comparison to those of bulk water. The
green lines irFigure62 represent water profiles according to NI&9, 62] These findings
confirm theoretical calculations, which depending on the GIN€&, predict that water inside

CNTs diffuses in the shape of hollowednotubular clusters with an ultrafast mechanism

[37, 63 The lower D values of the outermost axial water component in both SWCNTs and
DWCNTs may be attributed to dAfrictiono f
defects and oxygen moieties, which are unavoidably present on the CNT walls.
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Figure 62. Schematic presentation of water diffusion in SWCNTs (left panel) and DWCNTSs (right
panel ). Wat er structur e has:2NMRexperimektal tdatahwdtidreceny ¢ o mbi nii
MD[59, 62] The green peaks in panels are sketches of the relevant water density.

To further enlighten the dynamics of the nanotube water in both CNTSs, the inverse of the
self-diffusion coefficient, 1/D versuB000/T is presented Figure63. For comparison, 1/D

of bulk water (black circles) is shown in the same figure. Albe line is the theoretical

simulation of an i deal Astrongo | iquid wi:
dependence

0 "Ho -

= Holém (58)
Bul k water is observed to deviate significan

concept of fragility]20], bulk water is considered to be fragig4, 65], that is, it slows
downgradually upon cooling and freezes rapidly near the water glass transition temperature
atTgd 140 K. The black |line is the theoretical

_ (59

which is widely used in thetérature to fit the no#rrhenius temperature dependence of

the water transport properti¢®0]. Ts in this formula is the thermodynamic limit where
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transport properties become zero, and the

the hydrogen bonding by cooling.

© DWCNTs
1.21 @ DWCNTs
1 B SWCNTs

1/D [10° sec/m’]
0 FRAGILE LIQUID

- —
— o —
— o mm— w T
e ¢ o ——

0.0

30 31 32 33 34 35 36 37 38
1000/T [K]

Figure 63. Inverse of the experimental seldiffusion coefficient 1/D as a function of 1000/T. The blue
|l ine shows the temperature dependence of an ideal f

black and the dashed cyan lines artheoretical fits as described in the text

Experi ment al data ar esani2cled yK,f iitnt ealg rwei et nhe not
reported value$66]. In the case of SWCNTSs, the[lValues of nanotube water matches

well with those of bulk water. However, the 1/D values of the central water component in

the DWCNTs (cyan circles ifrigure 63) deviate strongly from those of bulk water,
acquiring low values which vary slowly by decreasing temperature. This indicates that the
centr al nanotubul ar wat er ecsamposme ntthei sf omar
hydrogen bonds upon coolifgl, 59]. It is possible that at room temperature, liquid islands

in this fragile water componentaree sponsi bl e f #1 kidompdnedatk Al i
al. 2 s, whi cHgure48 Thede Eindings mavideia wifferent viewpoint to the

way thatwater is organized inside the CNTSs. It is generally accepted that water mobility in

CNTs depends strongly on the number of hydrogen bonds per water molecule and the inner
diameter of the CNTE51, 62]. Specifically, MD have shown that the number of hydrogen
bonds per water molecule is a3. 7kwateryanche cen

a2 close to the CNT wall s, which gives ri
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hydrophobic CNT wall$61, 62, 67]. This is in contrast to the results presented here, which
show that watediffusion at the center of DWCNTSs is sufficiently faster than diffusion near
the wall s. The observed reduced mobility
caused by the interaction of the water molecules with defects and oxygen moieties, which
are unavoidably present on the CNT walls. Furthermore, our experimental results are in
agreement with viscosity measuremef@8], which show that shear viscositf water
confined in CNTSs is about an order of magnitude lower than that in bulk water and increases
nonlinearly with the CNT diameter, while enhanced diffusion of water inside CNTs appears

only for diameters higher than 4 nm.
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3.2.7Conclusions

In conclusion, herein, we report the first experimental measurement of fast water diffusion
in SWCNTs and DWCNTs with the help of 2B N MR 2 ddd ZD'H NMR (T1i T2)
methods. Unlike previous works where diffusion of water in CNTs at the molecular level
has been monitored almost solely with MDS, here we demonstrate a fast and scalable
method to acquire experimentally the diffusion of water and other fluids in nanotubular
channels at nanoscale resolution. With this method, water in DWCNTSs is shown @ have
stratified diffusion profile, revealing an axial component with extraordinary high D values,

a phenomenon not present in SWCNTs. However, at room temperature, fast exchange of
water molecules in fully saturated DWCNTs appears to establish a unifornsiatiffu
mechanism. Interestingly, in partially saturated DWCNTs, an anomalously high water
diffusion mechanism unveils, which shows the complexity of water diffusion into
hydrophobic nanochannels. The discovery of stratified fast diffusion in CNTs is new
expeimental evidence, which confirms MDS predictions, with important impacts on our
current understanding of water flow through hydrophobic nanochannels and nanostructured
membrane§69, 70]. It is also expected to be very helpful in the efforts to understand fluidic
properties through extremely narrow pores, with the aim to developrégglout single
molecule detectorg71, 72] and regulate the cellular traffic of importabtological
solute§73).
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3.3 The Peculiar Size Dependent Ultrafast Wadr Diffusion in Carbon
Nanotubes: A Combined 2D NMR DiffusionRelaxation (D-T2) and

Molecular Dynamics Simulations Study

The study of water confinement in Carbon Nanotubes (CNTSs) attracted great
interdisciplinary interest as conduit for understanding nanofluidic properties in a variety of
nanoporous systems aiming to novel applications, such as water treatment technologies
[74], drug delivery[75, 76], intracellular solute transport contrdl7], and energy
applications[78, 79]. Sereral experimental and theoretical methddsostly Molecular
Dynamics (MD) simulation$75, 80, 81] have been utilized to investigate the way water
molecules are confined inside CNTs. A major outcome of the MD studies is that water
molecules in the nanotubular CNT space tend to stratify in coaxial tubular Fb@&€39,

80]. Furthermore, water confined in the CNTs is predicted to diffuse faster than bulk water,
in a certain range of CNT diametig$, 80, 82). This fast water motion has been expldine

by several authors as due tebnd modifications in the hydrophobic nanochannels, or due

to geometrical effects and curvature induced incommensurability between the water and the
CNT walls[80].

From the experimental point of view, a great number of methods, such as infrared
spectroscopy83], Raman spectroscofy4, 85], Thermogravimetric analysig4, 86|,
Transmission Electron Microspyg (TEM) [67, 87-90], X-ray Compton scatterin@1, 92|

[22, 23], and Nuclear Magnetic Resonance (NMR)-2Z% have been widely used in the
study of molecular confinement and transport through the CNT chaf@glsHowever,

until now there is scarce experimental evidence at molecular scale, regarding the way that

water organizes and diffuses inside the CNTSs.

NMR is considered an important noninvasive tool with atomic scale resolution for studying
watersurface and nanconfined water systems. Standard NMR experiments typically
include longitudinal T, transverse drelaxation times, selfiiffusion coefficient D, and line

shape measurements. In a recent sufs@y of NMR studies on the water dynamics in
CNTs, it is revealed that the majority of the published wWd 93-96] is focused ortH-

water NMRIlineshape versus temperature in order to establish the freezing point of the
confined water. However, any change in the water structure and dynamics induced by the

nanaeconfinement is expected to be also retibel in the'H NMR T1, T2 and D values of the
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water molecules. Such measurements for wiat€NTs have been rarely publishptb,
54].

In this work, we utilize twedimensionallH NMR diffusionrelaxation correlation
spectroscopy (B2) to study water confinement in CNTs of various diameters as a function
of temperature. In a previous woj87] we reported the diffusion enhancement of water
inside 3.5 nm doublevalled CNTs. Herein we present a new NMR study of CNT samples
of different diameters (1.1 8.0 nm) and temperatures (268K5K) to investigate the
influence of the nanoconfinement size on water dynamics. In addition, we have carried out
MD simulations onthe same systems in order to compare the theoretical with the
experimental results. Notably, in the CNTs diameter range 3.€t/s5mm, water is shown

to split into coaxial tubular sheets (WTS), with the central one acquiring an order of
magnitude higheseli-diffusion coefficient D compared to the outer WTS close to the CNT
wall. This result is not foreseen by any MD calculations performed until now. Even more,
water molecules along the CNTs axis show remarkable deviation from the Arrhenius
temperature gendence; a very fragile, almost ligtikle axial water component even at
very low temperatures is formed, with fragility sufficiently higher than that of the bulk

water, which depends strongly on the CNTs size.

Purified carbon nanotubes (SWCNJWCNT, and MWCNT) were purchased from SES
research, USA. The inner diameter of the CNTs used in this work was ~1.1 nm for the
SWCNT, ~3.5 nm for the DWCNT and 4.5 nm for the MWCNT. Additionally, further
MWCNT samples were purchased from Nanocs, USA witteirdiameters 3.0, 5.0, 5.5,
and 6.0 nm. The length of the tubes in all the CNTs used in this work was feomtd®20
em and all the CNTs were open ended as provided by the manufadtueesamples were
characterized using TEMAEI Tecnai G20 with 8.11 nm point to point resolution and found
consistent with mamsashavointhe Materials sestipnanadhe TEMc a t i
images Figure 38). The CNT powder was used with no further treatment and doubly
distilled water was used in all the measurements.

For the two dimensionaH NMR diffusionrelaxation 2D BT, measurement, the fringe
field of a 4.7 T Bruker magnet which provides a 34.7 T/mstant field gradient withH
NMR frequency of 101.324MHz was used and for the 20 JJexperiment a 9.4T Oxford
Magnet with'H NMR frequency of 398.822 MHz was used described in previous
Chapters.
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3.3.1 Molecular Dynamics Simulations

Moleculardynamics simulations were used to investigate the diffusion of water inside single
wall ed carbon nanotubes. Di fferent Ssystems
diameters. Each system consists of a nanotube of length 20nm immersed in a water bath.
Thenanotubes studied are the armchairs (4, 4), (8, 8), (15, 15), (18, 18), (22, 22), (26, 26),
(37, 37), and (73, 73) of diameters 0.55 nm, 1.10 nm, 2.06 nm, 2.47 nm, 3.02 nm, 3.57 nm,
5.08 nm, and 10.02 nm correspondingly. The molecular dynamics simulaters
implemented using NAMD98]. Water moleculewas represented using the Simple Point
Charge/Extende(SPC/E) mode]99]. The norbonded interactions between carbon atoms
were modeled using Lennaddones ( LJ) potenti al with the p
rmin=3.805A) given by Werder et dl100. The positions of the carbon atoms were held
fixed throughout the simulations. The systems vkeqs at the same temperature of 300 K
using Langevin Thermostat. In addition, the pressure was maintained at 1.0 atm using Nosé
Hoover Langevin piston with a period of 100 fs and a damping time scale of 50 fs. The
simulationswere performed umg periodic boundary conditions in which electrostatic
interactions were calculated using Particle Mesh Ewald (PME). The simulation integration
time stepvas2.0 fs. Bonded interactiongerecalculated every time step while rRbonded
interactionwascalculded every two steps with a eaff of 12 A and switching function of
10A.

All simulated systemwaereminimized for 10,000 steps and then gradually heated to the
target temperature of 300K. Each systemsthen equilibrated at 300K for 50,000 steps
(100 p3 before the production runs. The production simulatweserun for a total time of
50 ns. The system configuratisrassaved every 500 steps (1.0 ps) for analysis. The water
density profilewas calculated for each simulated system inside the CNTs ierdal
elucidate the structure. The sdiffusion coefficientwas determinedising the mean
squared displacement function (MSD) in the axial direction. M&I3 calculated over a
time interval of 1.0 ns at a sampling rate of 1 ps. M&I3then averaged ov&0 such time
intervals. The interval length, 1.0 ns, was chosen carefully to give water molecule enough
time inside the carbon nanotube before exiting. The long time M&&then fit to the
formula, MSD f po=2Dt , to obtain the value of the diffusion cie&ent, D. The diffusion
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coefficientswerecalculated for all of the water inside the CNT and for all the components

obtained from the density profile.

The water structure inside CNTs varies upon increasing the CNTs diameter; it forms a 1D
chain of wagr molecules in ultranarrow single walled CNTs (d<1nm), and it is organized
into coaxial WTS as the CNTs diameter increabegure64, shows three MD simulation
snapshots of the water configuration at room temperature inside CNTs with diameters

1.1nm, 3.0nm, and 5.0nm.

1.1nm

Figure 64. Snapshots from MDsimulations of water molecules arrangements inside CNT nanotubes of
different sizes (green: carbon atoms of the CNT wall, red: Oxygen atoms white: Hydrogen atoms and

black shadedcircles represent different water layers).

In all three cases, watenolecules inside the CNT channels are shown to arrange in
concentric WTS (black circles in the snapshot), in agreement with previous publications (for

example Alexiadis et 4b6] and references therein).

The number of WS that can be accommodated inside the CNT channels depends on the
size and on the Oxygebxygen as well as OxygeDarbon interactiong56]. It is
furthermore observed that the stratified water arrangement into WTS becemser by
increasing the CNT size and gradually the dynamics of water molecules approach that of
bulk water[56].
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3.3.2 NMR Experiments

In order to verify experimentally the role of the CNTs diameter on the water structure and
dynamics, we conducted 2Bl NMR D-T» measurements of water in various CNT sizes,
ranging from 1.1 nm to 6.0 nm, and in the temperature range 265K to 305K. bHaots T

as filter in resolving the nanotube water from the external water in saturated CNT samples.
The way that Tfilters out the external water component is clearly demonstrated in the 2D

'H NMR T:-T2 correlation spectrum oFigure 45 from the previous experimentsr

DWCNTSs [101]

D (107° m?%/s)

0.1}

0.01%
100

100

0.1}

0.01%

0.01%

Figure 65. 2D*H NMR D- T2 contour-plots of water inside CNT of sizes 1.1nm, 3.5nm, 5.0nm and 5.5nm,

at selected temperatures (270 K and 285 K). Two mainzTpeaks are observed, corresponding to two
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different water reservoirs (interstitial and nanotube water)i as seen in the Tprojection for a 1.1nm

sample at 285 K. Plots are rescaled accordingly to improve visualization

In the conventional 1D NMR diffusion experiments in a constant magnetic field gradient,
the selfdiffusion coefficient is obtained by appropriate fitting tieNMR spin-echo decay
data[45]. However, n the case of nonuniform diffusion processes with multiple D values,
diffusion is given by a distribution function f(D), which can be obtained by implementing
an appropriate 2D inversion algorithm, as explaibetbre The advantage of the-D»
spectroscoypis that the seltliffusion coefficient of the nanotube water can be resolved by
analyzing the spiecho decay signals in different Windows

Figure 65 shows the 2D NMR BY> spectra of four characteristic samples measured in
this study, at 270K and 285K. The NMR contour plots are rescaled accordingly to improve
visualization. Two main signals are visible acquiring differentdlues, i.e. 0.5 ms and 10
ms, respectively. The short Jignal is assigned to the water inside the CNI&, while
the long & signal is assigned to interstitial watee. external water confined in the space
between CNTs, which are assembled in @\ihdles, as explained in detail in [&07]. It
is noticed that at room temperature, the longignal component includes interstitial as
well as bulk water; the latter in the very strong constant magnetic field gradient acquires an
effective hval ue & 10 ms, which 2ids 2s sf fiinc iae nhtolnmo ¢
magnetic field 10Z. Upon lowering the tempature, bulk water freezes and the intensity
of the NMR signal from the external water is observed to decrease rapidly. According to
Figure65andthe folowing Figure66, the high b value signal, persisting below the freezing
temperature of water, is assigned to the interstitial water.
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Figure66, the signal with the highzIvalue persists even below the freezing temperature
of water, confirming the assignment of this signal to the inteistvater. It is stressed that
normal liquids confined in hydrophilic porous structures acquire shomllies and 72 7
due to the fast exchange between the slow relaxing bulk liquid and the fast relaxing adsorbed

liquid on the porous surface.

0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
——6.0nm —s&onm[ " j i ——6.0nm " N ! T
285K 215K 7 [ 265K
——5.0nm 5.0nm
. " " L L . " " " . " . . n
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
T, (ms) T, (ms) T, (ms)

Figure 66. T2 distributions of water inside 5.0 nm and 6.0nm MWCNT, at three different temperatures

(a) 285K (b) 275K and (c) 265K.
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Figure 67. 'H NMR Diffusion projections (solid lines) from the 2D D-T2 spectra of the internal nanotube
water in different CNT sizes, at 285 K. Diffusion projections at certain CNT sizes (3.0nm, 3.5nm and
4.5nm) are resolved into two components (dashed curves), represented by the main and the shoulder

peaks

However, when water is enclosed into the hydrophobic @idlls, the short Tvalues
with To<<T; is a strong indication of a solitke water arrangemef®7]. This observation
corroborates with the WTS structurerigure64 from the MD simulations. To uncover the
nanotube water dynamics, we calculated separately the D projections corresponding to the

short & signal componentigure67 shows the diffusion profile of the nanotube water for
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all measured samples at 285 K. As seen, the diffusion profile at certain CNT sizes (3.0nm,
3.5nm and 4.5nm) can be fitted witlvo Gaussians, representing nanotube water groups
with different dynamics. Furthermore, in the same CNT size range, the D values of the slow
water component are sufficiently higher than those in the rest CNT sizes.

For instance, it is found that-2.6 x10° m?/s in the 3.5 nm CNT, sufficiently higher than
D~1.6 x 10° m%s in the 5.5 nm sample. This result is in agreement with previous studies
[49, 103, which show that the mean D value of water in small CNT sizes is twice as large
than in rge CNT sizes. At higher CNT diameters, D acquires the value of bulk water. It is
furthermore observed that in most cases the f(D) distribution shows a tail in the direction of

the low D values, as expected in the case of one dimensional diffusion pejd&s$01].

In order to understand the split of water dynamics in two components, MD simulations
were conducted at room temperature in different sizes of CNTSs, to reveal the local density
of the water layers and the diffusion coefficients. Resarspresented iRigure68. The
stratified water arrangement is clearly seen within the CNTs. In small CNT size of 1.1nm,
water molecules form a single tubular layer in agreement to the litef8@jréue to the
hydrophobic interaction between water molecules and carbon atoms of the CNT walls, water
molecules of this layer are far from the CNT wall+H#}3nm. Furthermore, the calculated

D values are about ~0.7x1@n?%/s as seen iRigure68.
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Figure 68. Water local density inside different CNT sizes along with their corresponding models
obtained using MD simulations, at room temperature. The-axis is the CNT inner diameter where zero
represents the center of the nanotube. Setfiffusion coefficients for the observed water layers inside

CNTs were also calculated.
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Upon increasing the CNT diameter, additional w#agers are formed. In the 38nsize
sample, MD simulations revealed two concentric WTS with different D values in agreement
with the NMR results. The water density profiles indicate that the outer WTS close to the
CNT wall corresponds to the main diffusion peakFigure 67, while the central WTS
corresponds to the fast diffusion componenfFigure67. The outer WTS shows a mean D
value of ~2.2x18 m?s, in agreement with the NMR results, however, the central WTS
differs significantly from the experimentally measured D value at the cehtbe €NT
channel. Finally, in the large diameter sample (5.0nm), although the MD simulation has
revealed multiple water layers, their calculated D values are close to each other, unveiling
uniform dynamics across the diameter, in agreement to the NMRsresurigure 67.
Similar analysis was performed to all samples at various temperatures.

At this point, it is important to rule out diffusion of water lexules in the radial direction

of the CNT channels. This is due to the large-&Bergybarrier between consecutive layers

in the radial direction, which might take values as high-asktal/mol[57]. Therefore,

radial diffusion is prohibited especially at low temperatures, where molecules do not have

sufficient thermal energy to overcome the free energy barrier.
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Figure 69. . Experimental 1/D vs. 1000/T of the nanotube water in CNTs of various sizes. The blue lines

(in both the main figure

and

t he

inset) are

theor et

obeying the Arrhenius law. The yellow circles and the blek line are the experimental values of bulk

water and the relevant power law fit. The sekdiffusion data of bulk water at temperatures below 260

K were taken from ref [104 . In CNT sizes 3.0, 3.5, and 4.5 nm, two water groups are resolved with

different dynamics (slow and fast) with fitting parameters =218 K, 9=--3 (3.5nm, 4.5nm) ando=-5

(3.0nm). The grey and the black dashetines are the power line fits of the data othe fast nanotube

water group. The blue arrows are the relevant liquidus temperatures iT The inset is magnification of

the 1/D vs. 1000/T curves of the fast water component for CNT sizes 3.0, 3.5, and 4.5 nm.

Figure69 shows the temperature dependence of the inverse of thdifiedfon coefficient

1/D vs.1000/T, of the nanotube water in CNTs with sizes ranging from 1.1 nm to 6.0 nm, in

the temperature range of 265K to 305K. The blueslisghe 1/D vs. T curve of aideal

liquid, denoted in the literature as strong ligLi@5], which obeys the Arrhenius law

12¢
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- —Aop— (60)

For two different initial 1/[9 values. Such liquids are denoted in the literature as strong

liquids [109 The yellow circles are the experimental values of bulk water; at high
temperatures water follows the Arrhenius law, however below the liquidus temperature at

Tia 2 7 Figure 69 strong deviation from the Arrhenius law is observed, while by
approaching the glass forming transition temperafif@ obeys the Arrhenius behavior
agaiflog Li qui ds with this kind of behavior are
temperature Arrheniouson Arrhenious dynamic crossover at the liquidus temperajure T

(the temperature above which a material is completely liquid) has been observed in many

glassforming system$107)

Similar to bulk water, the temperature dependendbeftliffusion coefficients of water in

our sampleshows a notArrhenius behavior. Many theoretical explanations hasenb
proposed to explain this behavior, such as the change in the translational and reorientation
dynamics[10§, the coexistence of high and ledensity liquid structuregl09, 110, the
increasingly collective character of water motions at low temperdtiitésthefreezing of

some collective motiong112 [113 and a connection of hydrogémnd exchange
dynamics to local structural fluctuatiofisl4]. For a quantitative description of our data we

adopted the Speedngell powerlaw approach, having the following forf0Q]

= Ny (61

A.HvH'rH

where Tk is the thermodynamic limit at which transport properties become[ &8, and

the exponend may be associated with the existence of cooperative fluctuations within a
formation of an open hydrogdsonded network. The concept of fragility was introduced to
describe the degree of concaveness in the temperature dependence plot, where the
macroscopidransport coefficient under discussion (for instance the diffusion coefficient D

or the viscosityd) or microscopic structural relaxation time was plotted as a function of the

reduced temperature Ts[I15 . Bulk water is considered to be frag[ied] [116, which
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means that it slows down gradually upon cooling and freezes rapidly near the water glass
transition temperature ( a&-lav4itQo tHe)experimeamtal bl ac
data (yellow circles) of bllwater with =218 K ando=-2 in agreement with previously
reported valuegl17]. In small and large CNT sizes (1.1, 5.0, 5.5 and 6.0 nm), the nanotube
water dynamics is similar to that of bulater, while in the CNT size range 3.0 nm, to 4.5

nm, two nanotube water groups with different dynamics (slow and fast) are resolved (circles
and rhombus). In the 3.5 nm, the ratio of the D values of the fast water component over the
slow water componentDras{Dsiow) is ~4.0, while for the 3.0 nm and 4.5 nm samples,
Drtas{DsiowiS ~2.5 and~3.5, respectively. The data of the fast nanotube water group (rhombus
data points) can be fitted to the Speddgell powerlaw only whery values in the range

of 2.0-5.0 are considered. This indicates that the fast axial water component attains a very
fragilei almost liquid like structurf97], resisting to the formation of hydrogen bonds upon
cooling. Besides, the liquidus temperatui® of the fast water component, i.e. the
temperature at which diffusion starts deviating from the Arrhenius beHaddr, shifts to

higher temperatures; this kind of behavior resembles the size dependent raise of the melting

temperature in singlealled CNTs by decreasing sigeL8 119.

It is furthermore noticed that in the 3.0, 3.5 and 4.5 nm samples, the 1/D vs. T curve of the
slow water component, deviates from that of bulk water indicating a higher fragility even
for the outer WTS close to the CNT walls . It is important to mentionttigassignment

is different from the picture conveyed by some MD simulation reféikswhere water
close to the CNT walls assumed to diffuse
that often used in odeling CNT tubes. In those studies, pure hydrophobic interaction
between water and CNT walls is typicaliich however fail to explain the complex spatial
heterogeneity regarding the dynamics observed between the central and the outer WTS
components rexaed by our experiments addition, the fast diffusion data, for the 3.0, 3.5

and 4.5nm samples, shownRigure69 are assigned to the water molecules located at the
center of the CNT channels, exhibiting an ultratfiffision mechanisni95, 12Q with D

values ranging from two to four times than the corresponding values of the bulk water.
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Figure 70. Temperature dependence of the inverse sdtiiffusion coefficient 1/D as a function of 1000/T

of the bulk water (yellow circles).The blue line is the fit of an ideal strong liquid obeying Arrhenius law

The experimental temperature dependentdifilision coefficient D of bulk water is shown

as yellow circles irFigure 70 The data have been compiled ustag data set from the

literature within the T range between 298K and 373K of boiling water down to the normal

freezing temperatur¢121] and in the temperature range of supercooled water 238K

[104] All data were fitted with the Speedy Angell power law formula Q€DTs)-1]° with

fitted parameters §&1.635 ni/s, T=215.6K ands=2.063. It is seen fronhe abovdigure

that for bulk water the experimental diffusion coefficient data deviate from the Arrhenius
behavior (blue line, strong liquid) to a power law behavior at around 270K, essentially when

the bulkk watee nt er s t he metastable supercooled stat

When water is confined inside the 3.5nm CNT this deviation point moves towards higher
temperatures in particular at 285K. Thus the confinement of water this specific diameter

obliviates the necessity of supercooling.

It is also observed that the degree of fragility which can be estimated framnithex, is
much higher than that of the bulk fragility. This is clearly seen by the steeper rise of 1/D
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data points as a function of tperature compared with that of the bulk. It is evident that
only for that CNTs diameter there is an appreciable Arrhenius non Arrhenius deviation

observed at this high temperature range.

Figure71 shows the CNT size dependence of the experimental D values of the outer slow
diffusing WTS component. A diffusion maximum is observed in the diameter range of 3.0
- 4.5 nm, as also shown iRigure 67. The maximum D value decreases by lowering
temperature, indicating the freezing of the diffusion process. It is noticed that the MD
simulation results (Blackolid riangle inFigure71) which represent the D values of water

in different sizes of CNT channels, at room temperature, follow excellently the relevant
expeimental curve. The low Dvalues in the 1.0 nm CNT is caused by the extreme

confinement effect and was reported in early studies on water in small CNT1&2e:23

Figure 71. . NMR experimental selfDiffusion coefficients of the shell nanotube water group versus CNT
sizes, at different temperatures (285K, 275K, 270K and 265K). The black solid triangles are our MD

simulation results, at room temperature which are similar to tlose previously reported61]. The lines
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