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1 Introduction

1 Introduction
Porous materials have many important applications, and play a central role within the
fields of technology and science. They can be used as substrates to support catalysts,
and can act as highly selective sieves or cages that only allow access to molecules up to
a certain size. Porous materials occur widely in nature, for example in the form of
biological tissue or porous rocks.
Porous media typically contain an interconnected three-dimensional network of
channels of nonuniform size and shape. Both the porous character and the pore
dimensions of the materials show considerable variation. Porous materials are
commonly classified as either macroporous, mesoporous or microporous. Macroporous
materials have pore diameters greater than 50 nm, mesoporous materials have diameters
in the range 2 to 50 nm, while the pore diameters of microporous materials are less than
2 nm.
The confinement in the pores gives rise to substantial changes in the molecular
dynamics and phase behaviour of adsorbed substances. The confining geometry restricts
the mobility of the probe molecules and gives rise to a pore size dependent depression
of the melting and transition points.1, 2 The geometrical restrictions and surfaces also
have a large influence on both the translational and rotational behaviour of the confined
molecules.3, 4
Many applications of porous materials require knowledge of the size of the pores
running through the solid matrix. The classical methods used to determine pore sizes are
the rather time consuming gas adsorption/desorption technique, mercury porosimetry
and thermoporometry.1 During the last decade, several researchers have investigated the
freezing/melting point depression of water confined in porous materials by monitoring
the intensity of the 1H nuclear magnetic resonance (NMR) signal of the non-frozen
liquid as a function of temperature.5, 6, 7, 8, 9, 10 However, water might not be an ideal
probe molecule, as it interacts strongly with the pore walls, forming a surface layer that
effectively reduces the pore diameter. Water might also damage the delicate pore
structure upon freezing or melting. Two investigations employing benzene and/or
cyclohexane have also been reported.6, 11
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NMR spectroscopy is a well-established method for studying the phase behaviour and
dynamics of adsorbed species.12 The spin-lattice (T1) and spin-spin (T2) relaxation times
are very sensitive to changes in the molecular mobility and environment. In addition,
direct information on microscopic transport phenomena can be obtained by applying the
pulsed field gradient (PFG) NMR technique. The deteriorating effect of internal field
gradients can be largely eliminated by employing a bipolar version of the PFG
sequence.13 However, the short T2 (~ 1 ms) usually encountered in heterogeneous
systems allows measurements of both T2 and the diffusivity only within a limited
temperature range. Another problem is to obtain crystallites of mesoporous solids of
sufficient size for self-diffusion measurements (≥10 µm).
In the first part of this work, pore size distributions of mesoporous silicas and controlled
pore glasses were determined by measuring the 1H NMR signal from the non-frozen
fraction of the confined liquid as a function of temperature, using benzene, acetonitrile
and HMDS as probe molecules.
In the second part, the molecular dynamics of acetonitrile, hexamethyldisilane,
cyclohexane and cyclopentane confined in mesoporous materials were studied as a
function of temperature. Fig. 1.1 shows a scanning electron microscopy (SEM) image of
one of the investigated adsorbents.

Fig. 1.1 Scanning electron microscopy (SEM) image of silica grains with nominal pore diameter 6 nm
(Sorbsil C60-40/60).
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2.1 Fundamental concepts

2.1.1 Angular momentum and magnetic moment
Atomic nuclei which possess an odd number of protons and/or neutrons exhibit spin
phenomena that are associated with the angular momentum. This nuclear or intrinsic
angular momentum P, is quantized:

P = h I (I + 1)

(2.1)

where h = h/2π, h is Planck’s constant (6.6256 × 10-34 J s), and I is the angular
momentum quantum number (nuclear spin), which can take the values I = 0, 1/2, 1, 3/2,
2 . . . up to 6.
The angular momentum is associated with a magnetic moment µ, the two quantities
being proportional to each other:

µ=γP

(2.2)

The proportionality factor γ is called the gyromagnetic ratio, and it is a constant for each
nuclide. Nuclides with a large gyromagnetic ratio are sensitive, which means that they
are easily observable.
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2.1.2

Nuclei in a static magnetic field

If a nucleus with angular momentum P and magnetic moment µ is placed in a static
magnetic field B0, the angular momentum will take up an orientation such that its
component along the direction of the field, Pz, is an integral or half-integral multiple of
h:

Pz = m h

(2.3)

Here m is the magnetic or directional quantum number, which can take the values
m = I, I -1, …, -I. There are (2I + 1) different m-values, and thus (2I + 1) possible
orientations of the angular momentum and magnetic moment.
The existence of a limited number of possible orientations of the angular momentum
and magnetic moment in the magnetic field is called directional quantization. For
protons and 13C nuclei, both having I = ½, this results in two values of m (+ ½ and – ½),
and hence two possible orientations of the angular momentum and magnetic moment.

a)

b)
z, B0

z, B0

Pz = + ½ ″

m=+½

Pz = - ½ ″

m=-½

m = + ½ (α)

m = - ½ ( β)

Fig. 2.1 a): Directional quantization of angular momentum P in a magnetic field. b): Precession of nuclear
dipoles with spin I = ½ around a double cone; the half-angle of the cone is 54o44’.
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Fig. 2.1a shows directional quantization of the angular momentum in a magnetic field.
By combining Eqs. 2.2 and 2.3, we obtain the components of the magnetic moment
along the field direction z:

µz = m γ h

(2.4)

The nuclear dipoles precess around the z axis, which is the direction of the magnetic
field. The precession of a nucleus with spin I = ½ in a magnetic field is illustrated in
Fig. 2.1b. The nuclear dipole spins around its own axis, at the same time as it precesses
around the magnetic field. The precession frequency of the nuclear dipoles is called the
Larmor frequency, vL. The Larmor frequency is proportional to the magnetic flux
density B0:

vL =

γ
B0
2π

(2.5)

The Larmor equation can also be expressed as

ω = γB0

(2.6)

where ω is the resonance frequency in radians per second.
The energy of a magnetic dipole in a magnetic field with a magnetic flux density B0 is:

E = − µ z B0

(2.7)

A nucleus will have (2I + 1) possible orientations, and consequently (2I + 1) energy
states, called the Zeeman levels. From Eqs 2.4 and 2.7, we see that
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E = −mγhB0

(2.8)

For protons and 13C nuclei, both having I = ½, there are two possible energy states,
corresponding to the two m-values + ½ and – ½. If m = + ½, µz will be parallel to the
field direction. This is the energetically preferred direction. Correspondingly, µz will be
anti parallel to the field direction for m = - ½. In quantum mechanical terms, the state
which corresponds to m = + ½ is described by the spin function α, while the state where
m = - ½ is described by the function β.
The energy difference ∆E between two neighbour energy levels is expressed by:

∆E = γhB0

(2.9)

The relative distribution of the nuclei over the different energy states in a macroscopic
sample in thermal equilibrium is given by the Boltzmann distribution. If I = ½, the
number of nuclei in the highest energy state is represented by Nβ, and the number in the
lowest energy state by Nα, the ratio between the two populations will be:

Nβ
Nα

= e −∆E / k BT ≈ 1 −

γhB0
∆E
= 1−
k BT
k BT

(2.10)

where kB is the Boltzmann constant and T is the absolute temperature in K.
The energy difference ∆E is very small compared with the average energy of the
thermal motions, kBT, and consequently the populations of the energy levels are nearly
equal.
In the classical representation, a nucleus with I = ½ will precess around the field axis z
on the surface of a double cone. If the z components of all the nuclear magnetic
moments in a sample are added together, the result will at equilibrium be a macroscopic
magnetization M0 along the field direction, since Nα is bigger than Nβ. This is illustrated

6

2 NMR theory
.in Fig. 2.2. The macroscopic magnetization is the sum of the individual magnetic

dipoles:

M = ∑ µi

(2.11)

z

M0
B0
y

x
Fig. 2.2 The orientation of the macroscopic magnetization in the magnetic field at equilibrium

2.2 The NMR experiment

2.2.1 The resonance condition
In an NMR experiment, transitions between different energy levels are induced by
irradiating the nuclei with a superimposed magnetic field B1 of the correct energy, that
is, with electromagnetic waves of the appropriate frequency v1. The magnetic
component of the radiation will interact with the magnetic moments of the nuclei.
Transitions between energy states can occur when the frequency v1 is chosen so that Eq.
2.12 is satisfied:

∆E = h ν 1

(2.12)
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Transitions from lower to upper energy level correspond to an absorption of energy, and
transitions in the reverse direction to emission of energy. Both transitions are possible,
and equally probable. Each transition is associated with a reversal of the spin
orientation. Because of the population excess in the lower energy level, absorption of
energy is the dominating process. The net absorption is observed indirectly as an
induced signal, with an intensity which is proportional to the population difference
Nα - Nβ. The intensity is therefore also proportional to the total number of spins in the
sample, and thus to the concentration.
From Eqs 2.9 and 2.12 we get the resonance condition:

ν L =ν1 =

γ
B0
2π

(2.13)

If there exists more than two energy levels, not all transitions will be possible. Only
transitions in which the magnetic quantum number m changes by 1, i.e. single quantum
transitions, are allowed:

∆m = ±1

(2.14)

This means that the only induced transitions that can take place are those between
adjacent energy levels.

2.2.2 Pulsed Fourier transform NMR
In modern NMR spectroscopy, all the nuclei of one species in the sample are excited
simultaneously by a radio frequency (RF) pulse. Until the end of the sixties however,
the only method available was the continuous wave (CW) method. This method uses
uninterrupted radio frequency power, unlike the pulsed method described below. Pulsed
NMR spectroscopy is a considerably more efficient technique than the CW method, and
its development has been closely linked to the rapid advances made in computer
technology.
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In the pulsed NMR method, the radio frequency generator operates at a fixed frequency
v1. If the generator is switched on only for a short time τP, a pulse which contains not
just the frequency v1, but a continuous band of frequencies symmetrical about v1, is
obtained. Only a part of the frequency band is effective in exciting transitions; this part
is approximately proportional to τP-1.
The choice of generator frequency v1 is determined by B0 and the nuclide to be
observed. The pulse duration needed for the experiment depends on the width of the
spectrum.
The amplitudes of the frequency components of a pulse decrease with increasing
separation from v1. However, it is desirable that all the nuclei as far as possible should
be irradiated equally in the experiment. This is achieved by the use of “hard pulses”, i.
e. short pulses of high power.
During the short time period that the nuclei are exposed to the RF pulse, B1 interacts
with the magnetization M to produce a torque which tilts the magnetization an angle θ.

θ is called the pulse angle, and it depends on the duration of the pulse τP and the
amplitude B1i of the component of the RF pulse with the frequency vi of the nuclear
resonance transition:

θ = γB1iτ P

(2.15)

After the RF pulse has been turned off, the magnetization will return to its equilibrium
position by various relaxation processes, and the signal will disappear. The attenuation
of the magnetization, as it is registered in the receiver, is called a free induction decay
(FID). The signal detection is phase-sensitive, which means that the signal is registered
relative to the pulse frequency. The FID is a function of time, and to transform this
information of signal intensity as a function of time to intensity as a function of
frequency, a mathematical operation called Fourier transformation (FT) is performed:

+∞

g (ω ) = ∫ f (t )e iωt dt

(2.16)

−∞
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where f(t) corresponds to the spectrum in the time domain, and g(ω) to the frequency
domain spectrum.
All multiple-pulse NMR experiments are based on the idea that we can perturb a spin
system from equilibrium, allow it to evolve after the perturbation, and then detect what
happened during the evolution period. This is illustrated in Fig. 2.3. In the preparation
period, the nuclei are being aligned along the direction of the magnetic field. During
the evolution period, the spin system is perturbed by RF pulses. In the final phase of an
NMR experiment - the detection period - an FID is recorded

Preparation

Evolution

Detection

FID

Time
Fig. 2.3 General structure of a multi-pulse NMR experiment, consisting of preparation, evolution and
detection periods.

2.3 Relaxation
2.3.1 The concept of relaxation
After having been perturbed by an RF pulse, the magnetization Mz will relax back to its
equilibrium value M0 (see Fig. 2.4), while Mx and My will approach zero. The concept
of relaxation time dates back to 1946, when Bloch introduced his famous equations of
motion for nuclear magnetization.14 Bloch assumed that the relaxation processes were
first-order and could be described by two relaxation times: T1 and T2. His analysis led to
a set of equations which describe the time evolution of Mx, My and Mz as the
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z, B0

M0
Mz =M0

y
t

0
x

Fig. 2.4 T1 relaxation. Evolution with time of the longitudinal component Mz of the macroscopic
magnetization after a 90ox pulse.

magnetization relaxes back to equilibrium (assuming a coordinate system rotating at the
Larmor frequency):

M − M0
dM z
=− z
dt
T1

dM x
M
=− x
dt
T2

(2.17)

and

dM y
dt

=−

My
T2

(2.18)

T1 - the longitudinal or spin-lattice relaxation time - describes the flow of energy

between the nuclear spin system and the other degrees of freedom of the system, called
the “lattice”. T1 relaxation is relaxation along the field direction. T2 is the transverse or
spin-spin relaxation time, and describes relaxation perpendicular to the field direction.
The only property of a spin-½ nucleus that depends on orientation is its magnetic
moment. Consequently, transitions between nuclear spin levels can only be induced by
magnetic fields. A nucleus in a liquid will experience a fluctuating magnetic field, due
to the magnetic moments of nuclei in the same or in other molecules as they execute
Brownian motion. The component perpendicular to the static field oscillating at the
Larmor frequency will induce transitions between the spin levels. This gives rise to a
11
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non-adiabatic contribution to relaxation of both the longitudinal and transverse
components of the magnetization. The populations of the states will change until they
reach the values predicted by the Boltzmann distribution (Eq. 2.10), resulting in the
relaxation of the longitudinal component of the magnetization. This process is described
by T1. The contribution to T2 can be seen from the following argument: The linewidth
(excluding the effect of inhomogeneity in B0) is inversely proportional to T2, and is a
measure of the uncertainty in the energies of the two states concerned. According to the
Heisenberg uncertainty principle, this uncertainty is inversely proportional to the
lifetimes of the states, which – as already mentioned – are reduced by random
fluctuations of the local magnetic field. Transitions between states caused by
fluctuations will thus result in both T1 relaxation (changes of population) and T2
relaxation (increase in linewidth).
T1 will be affected by both the x and y components of a fluctuating magnetic field, while
My can only be affected by the x components. The non-adiabatic contribution to the

relaxation rate T2-1 is half that of T1-1 for mobile liquids. However, fluctuating fields in
the z direction provide a second contribution to T2-1. This contribution is adiabatic and
involves no energy exchange with the lattice, but is directly related to variations in the
total magnetic field in the z direction. For mobile liquids, this contribution is usually
equal to ½ T1-1, giving T1 = T2.
The spectral density, J(ω), is the power available from the fluctuations at the relevant
transition frequency ω. J(ω) can be expressed in terms of the correlation time τc.

J (ω ) =

2τ c
1 + ω 2τ c

2

(2.19)

For random molecular tumbling, τc roughly corresponds to the average time for a
molecule to progress through one radian. The situation where ω2τc2 << 1 is known as
the extreme narrowing condition. This regime holds for mobile solutions at the usual
resonance frequencies. In the extreme narrowing condition, the spin-lattice relaxation
rate increases as τc increases, i.e. as mobility decreases. This means that T1 decreases
when the temperature is lowered.

12
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However, if τc increases sufficiently, so that it becomes of the order of ω0-1, a new
regime is entered, and a T1 minimum occurs when τc ≈ ω0-1. This can be seen for
macromolecules in solution.

2.3.2 Relaxation mechanisms for spin-1/2 nuclei
Relaxation can result from a number of physical mechanisms.15 The general
requirement for spin-lattice relaxation is a magnetic interaction fluctuating at the
resonance frequency. For spin-spin relaxation, a nearly static component of the
magnetic interaction is also effective. Dipolar interactions provide the most important
relaxation mechanism for spin-1/2 nuclei.

2.3.2.1 Dipole-dipole interactions with other nuclei
A spinning nucleus generates a local magnetic field. The field generated by a nuclear
magnetic moment µ at an angle ξ to the z direction (see Fig. 2.5), is at a distance r given
by
Br =

µ 0 2µ
cosψ
4π r 3

(2.20)

Bψ =

µ0 µ
sinψ
4π r 3

(2.21)

where µ0 is the permeability constant (4π × 10-7 kg m s-2 A-2), and the angle ψ is defined
in Fig. 2.5. The strength of the local field will be approximately 0.2 mT for protons at
typical molecular distances (r ~ 2 Å), and thus much greater than coupling constants or
proton chemical shifts. The precession of the nuclear magnetic moment results in a local
field which contains a static component in the z direction and a fluctuating component
at right angles to it. Any overall motion of the nucleus in question will lead to
modulation of both components. The total local field at any point in space will receive
contributions from many nuclei.
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z

Br

ξ
µ

ψ

Bψ

r

Fig 2.5 The local field generated by a spinning nucleus.

For homonuclear two-spin dipolar interactions, the relaxation rates can be written as

T1−dd1 (homo) =

⎡
⎤
3
4
(2πR )2 τ c ⎢ 1 2 2 +
2
2 ⎥
10
1 + 4ω 0 τ c ⎦⎥
⎣⎢1 + ω 0 τ c

(2.22)

T2−dd1 (homo) =

⎡
⎤
3
5
2
(2πR )2 τ c ⎢3 +
+
2
2
2
2 ⎥
20
1 + 4ω 0 τ c ⎦⎥
⎣⎢ 1 + ω 0 τ c

(2.23)

where R is the dipolar interaction constant, (µ0/4π)γ2(″/2π)r-3. Under extreme narrowing
conditions, both Eq. 2.22 and Eq. 2.23 reduce to

T1−dd1 (homo) = T2−dd1 (homo) =

3 ⎛ µ 0 ⎞ 2 2 −6
⎜
⎟γ h τ c r
2 ⎝ 4π ⎠

(2.24)

2.3.2.2 Shielding anisotropy
The shielding at a nucleus, and hence the magnetic field acting on it, varies with the
orientation of the molecule in the static field B0, except for sites of very high symmetry.
Molecular tumbling modulates the local magnetic field, and can cause relaxation.
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2.3.2.3 Spin-rotation interactions
The coherent rotation of a molecule will generate a magnetic field, which can couple
with nuclear spins. Interruption of the coupling, e.g. by collisions, provides a relaxation
mechanism.

2.3.2.4 Scalar interactions
Two nuclear spins A and X can couple indirectly via electrons. The interaction involves
a magnetic field produced by X acting on A (and vice versa), and can lead to relaxation
of A if either the coupling constant, JAX, is time-dependent as a result of exchange, or
the moment of inertia of X, IX, is time-dependent as a result of relaxation.

2.3.2.5 Interactions with unpaired electrons
Interactions with unpaired electrons may be either of the dipolar or the scalar type.
Exchange of the electron between different molecules or spin-lattice relaxation of the
electron itself leads to modulation. Due to the electron’s high magnetic moment, dipolar
interactions with electrons are much larger than with nuclei. Consequently, the presence
of paramagnetic impurities can lead to significantly lower relaxation times.

2.3.3 Relaxation in porous media
NMR relaxation times are sensitive to molecular motion, and will be affected by the
pore geometry. Both T1 and T2 of liquids confined in porous media are shorter than in
the bulk liquids. A simple model assumes that the molecules are either residing in the
surface layer, where they will have particular relaxation times (T1S and T2S), or they are
located in the middle of the pore, where they will have the relaxation times of the bulk
liquid (T1B and T2B). The liquid molecules located at the pore surface will have shorter
relaxation times due to paramagnetic species in the pore wall16,17 and/or dipolar
interactions between bound liquid and surface hydroxyl groups.17,18 In the case of fast
exchange of the liquid molecules between the surface and bulk environments owing to
rapid diffusion (as is normally the case in macro- and mesoporous systems), the

15
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molecules within the pore will experience an average environment with a single
relaxation time T1, which can be expressed as12

1
1
S
=
+ ρ1
T1 T1B
V

(2.25)

where ρ1 is the surface relaxivity for spin-lattice relaxation, S is the pore surface area
and V is the pore volume. ρ1 is expressed in terms of the bulk and surface relaxation
times and the thickness of the surface layer h

⎛ 1

1 ⎞

⎟⎟
−
ρ1 = h⎜⎜
⎝ T1S T1B ⎠

(2.26)

Similarly, the averaged T2 is given by

1
1
S
=
+ ρ2
T2 T2 B
V

(2.27)

2.3.4 The measurement of relaxation

2.3.4.1 Measuring T1: The inversion recovery experiment
There exists a number of methods for determining the spin-lattice relaxation time,19 of
which the most common is the inversion recovery experiment. The T1 measurements in
this work has been performed employing this sequence, and it is shown schematically in
Fig. 2.6.
The inversion recovery experiment is a very simple two-pulse sequence. The first pulse
is a π pulse, which rotates the magnetization π radians, and consequently inverts the
16
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magnetization form its equilibrium value of M0 to - M0. A perfect pulse will give no
magnetization in the xy plane, which means no signal will be induced in the receiver.
The π pulse is followed by a time delay tD. During this evolution period, the
magnetization will return from - M0 to M0 at the spin-lattice relaxation rate. The time
delay is followed by a π/2 pulse which serves as a read pulse, rotating the z
magnetization into the xy plane where a signal can be recorded. The signal amplitude
will be proportional to the magnitude of the z magnetization. A series of experiments
with different time delays will give signals of differing amplitudes, creating a picture of
the development of the magnetization during the evolution period. The value of T1 can
be found from Eq. 2.17. Integrating Eq. 2.17, and replacing the magnetization with
signal intensities, gives

I z = I 0 (1 − 2e − tD / T1 )

(2.28)

where I0 is the maximum measurable signal intensity and Iz is the signal intensity at
t = tD. The most reliable result is obtained by fitting the experimental data to the
exponential function instead of using a linear semi-logarithmic fit.

π

π/2

tD

FID

Fig. 2.6 The inversion recovery pulse sequence.

2.3.4.2 Measuring T2: The spin-echo experiment
In high-resolution NMR, T2* is mainly determined by the field inhomogeneities in the
static magnetic field, ∆B0. However, this contribution to the spin-spin relaxation is
merely an instrumental parameter, masking the information about the spin dynamics
that the true T2 is carrier of. In 1950 E. L. Hahn20 suggested a method for determining
T2 which eliminates the inhomogeneity contribution: the spin-echo method. The spin-
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echo experiment was originally developed with the purpose of studying transverse
relaxation, but has later become one of the key components imbedded in modern pulse
sequences.
In its simplest version, the spin-echo sequence consists of two pulses separated by a
time delay tD:

π / 2 − t D − π − t D − Echo
If the spin-echo sequence is applied to a sample which has a single resonance line at the
reference frequency, and which is in a homogenous magnetic field, the following will
occur: The π/2 pulse will tip the magnetization to the y axis. During the short evolution
interval tD which follows, the magnetization will remain aligned along the y axis of the
rotating frame. A π pulse is then applied in the same phase as the original pulse. The
magnetization will then precess about the x axis through a further π radians to the other
side of the xy plane, and will be aligned along the –y axis.
If the signal is at a frequency other than that of the rotating frame, a slightly different
situation will result: The π/2 pulse will once again place the magnetization in the xy
plane, but since the signal’s frequency is different from that of the rotating frame, the
magnetization will precess away from the y axis during the following evolution period
tD. The degree of displacement from the y axis at the end of the evolution period will
depend on tD and the precession frequency. When the π pulse is applied, it will place the
magnetization in the xy plane as before, but the magnetization will now be displaced
from the –y axis. However, since the magnetization is still precessing in the same
direction as it did before the π pulse, it will now move towards the –y axis. After a
second delay - identical to the first - the magnetization will reach the –y axis. Thus, at
the end of the spin-echo pulse sequence the magnetization will be aligned along the –y
axis, irrespective of its precession frequency.
In an inhomogeneous magnetic field, identical spins in different parts of the NMR tube
will experience different effective magnetic fields, and will consequently precess at a
range of frequencies, rather than at a single frequency. By applying the spin-echo pulse
sequence, this inhomogeneity contribution to T2 can be eliminated.
Solving Eq. 2.18, and replacing the magnetization with signal intensities, gives
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I t = I 0 e − tD / T2

(2.29)

In heterogeneous systems, the signal will be attenuated during the time interval tD owing
to spin diffusion in internal magnetic field gradients. The influence of internal field
gradients can be reduced by introducing a train of π pulses at the end of the ordinary
spin echo, producing a series of decaying echoes.21 Introducing a new π pulse at t = 3tD
will cause the magnetization to refocus again, and a new spin echo will appear at
t = 4tD, etc., resulting in a train of spin echoes. By employing the Meiboom-Gill phase
cycling,22 the error in the measured T2 due to the loss of signal caused by imperfect π
pulses will be minimized.
The Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence is illustrated in Fig. 2.7. In
this sequence, only every second echo is detected, and the echo attenuation can be

π/2

π
tD

a

a

e

b

tD
c

d

b

f
A
B

Echo

π

Echo

tD
e

tD
f

g

h

c

d

g

B

B

A

A

h
A
B

Fig. 2.7 The Carr-Purcell-Meiboom-Gill (CPMG) sequence. The vector diagrams below the diagram of
the sequence show the evolution of the spin system at the instants labelled a to h in the sequence diagram.
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written as
⎛ 2nt D Dγ 2 G02
⎞
I t (2nt D )
2nt D3 ⎟⎟
= exp⎜⎜ −
−
3
I0
⎝ T2
⎠

(3.30)

where n = 1, 2, 3, …, D is the diffusivity and G0 is the strength of the internal gradients.
The last term is a consequence of diffusion in internal gradients. If tD is made small
enough, Eq. 3.30 can be reduced to

⎛ 2nt D
I t (2nt D )
= exp⎜⎜ −
I0
⎝ T2
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3 Diffusion
Diffusion can be defined as the tendency of matter to migrate in such a way as to
eliminate spatial variations in composition. Diffusion is a manifestation of the tendency
towards maximum entropy or randomness, and is a universal property of matter at all
temperatures above absolute zero.3
There are two categories of translational diffusion: transport diffusion and selfdiffusion. Transport diffusion occurs in systems where there is a concentration gradient,
and involves transport of molecules from areas of high concentration to areas of low
concentration. Self-diffusion is the random translational motion of molecules driven by
internal kinetic energy.23 It is the most fundamental form of transport, and as no
reaction can occur without a collision between the reacting species, self-diffusion is
responsible for all chemical reactions.

3.1 Principles of diffusion
The rate of transfer of a diffusing substance through a unit area of a section (called the
flux, J) is proportional to the concentration gradient measured normal to the section;
this is Fick’s first law of diffusion:24,25

J (r, t ) = − D∇c(r, t )

(3.1)

where J(r, t) is the flux at a position r and time t, c(r, t) is the concentration in number
of particles per unit volume, ∇= (∂/∂x, ∂/∂y, ∂/∂z) and D is the diffusion coefficient. The
minus sign indicates that the direction of flow is from larger to smaller concentration.
Because of the conservation of mass, the continuity theorem applies, and thus

∂c(r , t )
= −∇ ⋅ J (r, t )
∂t

(3.2)
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Combining Eqs. 3.1 and 3.2 leads to Fick’s second law of diffusion:

∂c(r, t )
= D∇ 2 c(r, t )
∂t

(3.3)

In the case of self-diffusion, there is no net concentration gradient. Instead we are
concerned with the total probability, P(r1, t), of finding a particle at position r1 at time t.
This probability is given by

P(r1 , t ) = ∫ ρ (r0 )P(r0 , r1 , t )dr0

(3.4)

where P(r0,r1, t), called the self-correlation function, is the conditional probability of
finding a particle initially at a position r0, at a position r1 after a time t, and ρ(r0) is the
particle density.
Thus, ρ(r0) P(r0,r1, t) is the probability of starting from r0 and moving to r1 in time t.
The integration over r0 accounts for all possible starting positions.
Fick’s laws can be rewritten in terms of P(r0,r1, t) with the initial condition

P(r0 , r1 ,0) = δ (r1 − r0 )

(3.5)

If P(r0,r1, t) is substituted for c(r, t) in Fick’s second law, Eq. 3.3 becomes

∂P(r0 , r1 , t )
= D∇ 2 P(r0 , r1 , t )
∂t

(3.6)

P(r0,r1, t) is commonly termed the diffusion propagator.
For the case of diffusion in an isotropic and homogenous medium, corresponding to the
boundary condition P → 0 as r1 → ∞, P(r0,r1, t) can be determined from Eq. 3.6 using
Fourier transforms:
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P(r0 , r1 , t ) = (4πDt )

−3 / 2

⎛ (r1 − r0 )2
exp⎜⎜ −
4 Dt
⎝

⎞
⎟
⎟
⎠

(3.7)

As can be seen from Eq. 3.7, the radial distribution function of the spins in an infinitely
large system with regard to an arbitrary reference time is Gaussian. The width of the
radial distribution increases with time, and the distribution is completely characterized
by the diffusion parameter D. The solution of Eq. 3.6 becomes much more complicated
when the displacement of the particle is affected by its boundaries, and P(r0,r1, t) is no
longer Gaussian.
The particle density, ρ(r0), is the probability that a spin starts at r0. ρ(r0) is formally
given by

ρ (r0 ) = ∫ limP(r0 , r1 , t )dr1

(3.8)

t →∞

After infinite time the finishing position of a particle in the system will be independent
of the starting position, and ρ(r0) is thus independent of r0.
The mean-squared displacement of free diffusion can be calculated from Eq. 3.7, and is
given by

(r1 − r0 )2

= nDt

(3.9)

where n = 2, 4, or 6 for one , two, or three dimensions, respectively. Eq. 3.9 is known as
Einstein’s relation.26 It provides a direct correlation between the diffusivity (diffusion
coefficient), as defined by Fick’s first law (Eq. 3.1), and the time dependence of the
mean square displacement, which is the most easily observable quantitative feature of
Brownian motion.
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3.2 Diffusion in porous media
A porous system may be treated as a quasi-homogenous system if the root-mean-square
displacement during the observation time is much larger than the pore size, but
significantly less than the size of the grains or crystallites.27 The Gaussian diffusion
propagator (Eq. 3.7), leading to the Einstein relation (Eq. 3.9), is then still valid. In a
porous system where these conditions are not fulfilled, and only a small fraction of the
molecules are sensing the restricting geometry during the observation time, the initial
decay should still reflect a Gaussian distribution. The short diffusion time model
developed by Mitra et al.27 may then be applied to determine the intra-grain diffusivity
by approximating the apparent short-time diffusivity D(t) by

4 D03 / 2 S 1 / 2
D(t ) = D0 − 1 / 2 t
9π V

(3.10)

where D0 is the intra-grain diffusivity and S and V are the surface area and the volume
of the mesoporous particle, respectively. If the D(t)/ D0 ratio at the shortest observation
time is less than ca. 0.7, higher order correction terms should be included.

3.3 Pulsed field gradient NMR
Pulsed field gradient (PFG) NMR methods may be combined with a spin-echo pulse
sequence to measure average molecular displacements in a time ∆.23, 28,29 This means
that PFG methods can be used to measure self-diffusion coefficients in liquids. Since
the pore boundaries will influence molecular transport, measuring the diffusion of
liquids confined in porous media can provide information about the pore geometry.

3.3.1

The pulsed field gradient (PFG) technique

Spins in a constant magnetic field B0 will precess about the direction of the field with a
frequency given by the Larmor equation (Eq. 2.6). Since B0 is spatially homogenous,
the precession frequency ω will be the same throughout the sample. However, if in
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addition to B0 there is a spatially dependent magnetic field gradient g (T m-1), ω
becomes spatially dependent:

ω (r ) = γB0 + γg ⋅ r

(3.11)

If the gradient is along the z-axis, the spins in the sample will have different precession
frequencies depending on their position along the z direction.
The basic PFG NMR pulse sequence, introduced by Stejskal and Tanner in 1965,30 is
illustrated in Fig. 3.1. Two magnetic field gradient pulses of magnitude g, duration δ
and separation ∆ are applied during the dephasing and rephasing sections of a spin-echo
pulse sequence.
During the magnetic field gradient pulses, the nuclear spins will precess with different
Larmor frequencies depending on their spatial location (Eq. 3.11). At the end of the first
field gradient pulse, the spins will have been encoded with a particular phase depending
on their location. During the rephasing part of the spin-echo, a second field gradient is
applied, identical to the first. If the spins have not undergone any translational motion
with respect to the z-axis during the interval ∆ between the gradient pulses, the second
gradient will rephase all spins exactly, and the only attenuation in the echo signal will
be due to spin-spin relaxation. On the other hand, if molecular motion has occurred, the
spins will experience a dephasing due to the applied gradient. The degree of dephasing
is proportional to the displacement in the z-direction during the interval ∆. The phase
shift of an individual spin at time 2τ (see Fig. 3.1), is given by

∆φ = γδg ⋅ (r1 − r0 )

(3.12)

where r0 and r1 are the positions of the spin during the first and the second gradient
pulses, respectively.
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Spins phase-decoded by
2nd gradient; will refocus
if no translational motion

Fig. 3.1 The pulsed field gradient (PFG) spin-echo pulse sequence.

The probability of a spin starting from r0 and moving to r1 in time ∆ is given by

ρ (r0 )P(r0 , r1 , ∆ )

(3.13)

The NMR signal is proportional to the vector sum of the transverse components of the
magnetization, and so the signal from one spin is given by23
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ρ (r0 )P(r0 , r1 , ∆ ) exp[iγδg ⋅ (r1 − r0 )]

(3.14)

As the NMR signal results from the ensemble of spins, one must integrate over all
possible starting and finishing positions

Ψ =

I
= ρ (r0 )P(r0 , r1 , ∆ ) exp[iγδg ⋅ (r1 − r0 )]dr0 dr1
I 0 ∫∫

(3.15)

ψ is the ratio between the NMR signal intensity observed with magnetic field gradient
pulses, I , and the intensity observed without gradient pulses, I0.
The probability that a particle that starts at r0 displaces a distance R = r1 – r0 during ∆ is
ρ(r0) P(r0,r0, ∆). Integrating over all possible starting positions gives the average
propagator P (R, ∆ ) , which expresses the probability that a molecule at any starting
position will displace by R during the period ∆:

P (R, ∆ ) = ∫ ρ (r0 )P(r0 , r0 + R, ∆ )dr0

(3.16)

Using Eq. 3.16, Eq. 3.15 can be rewritten as

Ψ = ∫ P (R, ∆ ) exp[iγδg ⋅ R ]dR

(3.17)

In the case of self-diffusion in a homogenous region, the average propagator can be
described by a Gaussian function:

P (R, ∆ ) = (4πD∆ )

−3 / 2

⎛ R2 ⎞
⎟⎟
exp⎜⎜ −
⎝ 4 D∆ ⎠

(3.18)
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Combining Eqs. 3.17 and 3.18 leads to

Ψ = exp(−γ 2δ 2 g 2 D∆)

(3.19)

Eq. 3.19 can be modified to allow for the effects of finite-length gradient pulses:30

Ψ = exp(−γ 2δ 2 g 2 D(∆ − δ / 3))

(3.20)

A plot of the echo attenuation, lnψ = ln(I/I0), against the square of the applied gradient
strength, g2, will be linear, and the slope of the curve will be proportional to the
diffusion coefficient, D. Thus, Eq. 3.20 provides a means for measuring the diffusion
coefficient.

3.3.2 PFG pulse sequences
The basic spin-echo pulse sequence shown in Fig. 3.1 has a number of disadvantages,
and is therefore rarely used in practice.

3.3.2.1 The PFGSTE sequence
One problem with the basic spin-echo sequence is that the magnetization is stored in the
xy- plane during the time ∆, resulting in a significant loss of signal due to spin-spin
relaxation. As T1 usually is much longer than T2 for liquids in porous media, the signal
loss can be minimized by using a pulsed field gradient stimulated echo (PFGSTE)
sequence, which stores the magnetization in the z-direction once the spins have been
phase-encoded. In this way, only spin-lattice relaxation will occur. The PFGSTE pulse
sequence is illustrated in Fig. 3.2.
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Fig. 3.2 The Pulsed Field Gradient STimulated Echo (PFGSTE) pulse sequence.

3.3.2.2 Internal magnetic field gradients and the use of bipolar gradients
Heterogeneous systems, like biological tissue or porous media, will usually exhibit
differences in magnetic susceptibility across the sample. When such a sample is placed
in a static magnetic field, internal magnetic field gradients will be induced. The strength
of the gradients depends on the difference in magnetic susceptibility between the
phases, the strength of the static magnetic field, and the geometry of the different
phases in the sample.31 Translational diffusion in the presence of internal magnetic field
gradients during a PFG experiment will result in non-linear attenuation of the echo
signal, and an apparent diffusion coefficient which will be smaller than the actual
one.32,33 The most common solution to the problem is to apply bipolar pairs of magnetic
field gradients separated by π pulses.33 The π pulses will reverse the dephasing of the
signal due to internal gradients. Provided that the internal magnetic field experienced by
the diffusing molecules does not vary during the sequence, the impact of an internal
magnetic field gradient will then be reduced to an insignificant level.

3.3.2.3 The bipolar 13-interval stimulated echo sequence by Sørland et al.13
When pulse sequences containing more than two RF pulses are applied, several echoes
will be generated.20 Bipolar PFG experiments introduce more RF pulses into the PFG
experiment, thus increasing the number of unwanted coherence transfer pathways and
creating more interfering echoes. One way to get rid of the unwanted NMR signal is to
use orthogonal spoiler gradients.34 However, the diffusion probe used in this work was
only equipped with z-gradient. The unwanted echoes therefore had to be removed by the
use of sophisticated phase cycles35 or unequal bipolar gradients. Sørland et al. have
demonstrated that much of the unwanted signal can be removed by applying a bipolar
13-interval stimulated echo sequence with unequal bipolar gradients.13 This sequence
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Fig. 3.3 The bipolar 13-interval pulsed field gradient stimulated echo sequence with unequal bipolar
gradients.

was used in the present work, as it requires fewer scans than the use of a proper phase
cycle. The 13-interval PFGSTE sequence is shown in Fig. 3.3.
Denoting , g = gcal×i and f = gcal×(i – x), the echo attenuation for the sequence can be
written

3
δ ⎤ 2 ⎡ x ⎛ ∆ + τ − δ / 6 ⎞⎤
2⎡
ln (I / I 0 ) = −γ 2 D(2δ ) ⎢∆ + τ − ⎥ × g cal
⎢i − 2 ⎜ ∆ + 3 / 2τ − δ / 6 ⎟⎥
2
6⎦
⎠⎦
⎣
⎝
⎣

2

− γ 2 Dδ (δ 1 − δ 2 )τ (2i − x )g cal g i

(3.21)

where i is the current in the gradient coil in ampere (A), x is the difference in current
between the g and f gradients, gcal is the calibrated gradient strength in T m-1 A-1, gi is
the strength of the internal magnetic field gradient, δ is the duration of the gradients and
the intervals τ, , δ1 and δ2 are as defined in Fig. 3.3.
When δ1 = δ2, the cross terms are suppressed completely if gi is constant (in magnitude
and sign) during the pulse sequence. The attenuation is then reduced to

δ ⎤ 2 ⎡ x ⎛ ∆ + τ − δ / 6 ⎞⎤
⎡ 3
ln(I / I 0 ) = −γ D(2δ ) ⎢∆+ τ − ⎥ × g cal
⎢i − 2 ⎜ ∆ + 3 / 2τ − δ / 6 ⎟⎥
6⎦
⎣ 2
⎝
⎠⎦
⎣
2
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The effective diffusion time, teff, is given by

δ
3
t eff = ∆ + τ −
2
6

(3.23)
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4 Pore size distributions determined by NMR
spectroscopy

A liquid confined in a pore will have a melting point which is lower than the melting
point of the corresponding bulk liquid - the melting point depression depending on pore
size. Using 1H NMR spectroscopy, it is possible to differentiate between the solid and
liquid phases, and quantitatively measure the intensity of the signal from the non-frozen
fraction. Pore size distributions can be calculated from a series of such intensity
measurements performed at gradually increasing temperatures.

4.1 The relationship between melting point depression and pore size
A liquid confined in small pores may exhibit physical properties that deviate
considerably from its bulk properties. One of the changes that take place is a lowering
of the liquid’s melting point.
The unusual behaviour of water adsorbed to silica gel was reported as early as the
beginning of the 20th century.36,37 From adsorption measurements of benzene on active
coal,38 and water on silica gel,39 it was concluded that the adsorbed liquids did not
undergo a phase transition until the temperature was well below their normal freezing
point. After these first indications, the occurrence of a lowering of the freezing point of
liquids confined in porous media has been verified and theoretically explained for
numerous adsorbents and adsorbates.
Melting point depression for a liquid confined in small pores is caused by a lowering of
the fluid’s vapour pressure. A crystalline solid confined in a small pore will necessarily
consist of small crystals, and will thus have a large surface-to-volume ratio. This results
in a lowering of the melting point. The thermodynamic stability of small crystals has
been treated by Gibbs,40 who demonstrated that the melting point depression depends on
the curvature of the surface of the porous material, and thus on the size of the pores.
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Thompson41 developed a related theory on the effect of curvature on vapour pressure for
small liquid droplets. This theory may be extended to small crystals, and will then yield
the same equation as Gibbs’ theory. The equation for the temperature shift of melting in
confined geometries is therefore often called the Gibbs-Thompson equation.
In its original form, the Kelvin equation gives an accurate description of the
condensation of vapour in the pores of a solid, i.e. capillary condensation. There exists
in the literature a number of similar equations which have been derived for crystals
formed in cylindrical pores,42,43,44 and which specifically consider the contact angle
between the liquid, solid and the pore wall. The contact angle is very important if
freezing behaviour is of interest. For crystal melting however, it is assumed that the
contact angle is 180o, and the equation becomes identical with the Gibbs-Thompson
equation.
The Gibbs-Thompson equation states that the melting point depression ∆T for a small
crystal of radius R is given by

∆T = T0 − T =

2σT0
R∆H f ρ

(4.1)

where σ is the surface tension of the solid-liquid interface, T0 is the normal (bulk)
melting point, T is the melting point of crystals of radius R, ∆Hf is the bulk enthalpy of
fusion (per g of material), and ρ is the density of the solid. Presented in this form, it is
assumed that σ is isotropic, and that the crystal size is sufficiently large, so that the
material retains its bulk properties for ∆Hf and ρ.
The expression 2σ T0/(∆Hf ρ) in Eq. 4.1 should be a constant for a particular liquid,
denoted kp. If it is assumed that the surface layer of thickness s acts physically as part of
the pore wall, thus reducing the effective pore radius from R to R – s, the melting point
depression can be written as
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∆T = T0 − T = T0 −

kp
10 3
=
X
R−s

(4.2)

where X = 1000/T is inverse temperature.

Jackson and McKenna2 investigated the melting point depression of porous materials
with known pore sizes. They assumed that the radius of the crystal was identical to the
pore radius, and found the melting point depression to be an inverse linear function of
the crystal radius, in accordance with Eq. 4.2. However, controlled studies of liquids
confined in pores of different radii are few.
If a porous material is saturated with a liquid and then cooled down, the confined liquid
will display a distribution of freezing points which depend on the distribution of pore
sizes in the porous material. Because undercooling is a common problem, more reliable
measurements are obtained by first lowering the temperature to a point where all the
liquid has frozen out, and then raise it again. The pore size distribution will be obtained

R1
Crystal

Surface liquid

2R

Liquid

(R1 > R2 )
R2
Fig. 4.1 The inverse relationship between melting point depression and radius (Eq. 4.1): The crystal in
the smaller pore of radius R2 will melt at a lower temperature than the crystal in the larger pore of radius
R1.
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by measuring the fraction of liquid as a function of temperature. The pore volume,

υ (R), is a function of the pore radius R. The volume of pores with radius between R and
R + ∆R is (dυ/dR) ∆R. If the pores are filled with a liquid, the liquid’s melting point,
T (R), will be related to the pore size distribution by

dυ
dυ dT ( R)
=
dR dT ( R) dR

(4.3)

As can be seen from Eq. 4.2, dT (R)/dR = kp/(R-s)2, so that Eq. 4.3 becomes

dυk p
dυ
=
dR dT ( R )( R − s ) 2

(4.4)

If the value of kp for the liquid is known, it will be possible to determine the pore size
distribution of the porous material by measuring dυ/dT (R).

4.2

Pore size distributions from NMR intensity measurements

The spin-spin relaxation time (T2) for solids is short (usually less than 100 µs), while it
is long for liquids (usually longer than 100 ms). This gives rise to broad and narrow
lines as demonstrated in Fig. 4.2. On the basis of this difference, it is possible to
differentiate between the two phases using NMR spectroscopy, and selectively measure
the signal from the liquid phase. This makes NMR spectroscopy a convenient tool for
studying freezing and melting processes in porous materials. Furthermore, the intensity
of the NMR signal is proportional to the number of atoms present, and this enables
quantitative measurements to be made. However, adsorbed liquids may show
considerably restricted mobility. This may cause the liquid’s properties to approach the
properties of the solid, and T2 may become correspondingly shorter. In addition,
plastically crystalline materials (e.g. cyclohexane) have relatively high molecular
mobility when approaching their melting point, and T2 may reach a
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signal
Fig. 4.2 Determination of the melting point depression ∆T by NMR.

value of several milliseconds before melting. It is therefore important to check the T2
properties of the adsorbed materials.
To eliminate the contribution from the solid phase, the excitation pulse is followed by
an appropriate delay, before the signal is measured. The delay is chosen so that the
signal from the solid phase is ignorable, while the signal from the adsorbed liquid is still
insignificantly attenuated; a simple spin-echo sequence can be used for this purpose.
Using an NMR spectrometer with a temperature control unit, it possible to measure the
intensity of the signal from the liquid component as a function of temperature.
The intensity (I) versus the inverse temperature (X = 1000/T) for the liquid component
can be expressed as5,6 ,45

[

N

}]

{

I ( X ) = ∑ I 0i 1 − erf ( X − X ci ) / 2σ i / 2
i =1

(4.5)

where
erf (Z ) =
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π

Z

∫ exp(− u )du
2

0

(4.6)
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is the so-called error function. N is the number of phases, while I0i is the intensity, Xci
the inverse transition temperature and σi the width of the temperature distribution curve
of phase i.
By differentiating Eq. 4.5 with respect to X, the melting point distribution curve, dI/dX
versus X is obtained:

⎡ ⎧X − X ⎫
N
I 0i
dI
⎪
ci ⎪
exp ⎢− ⎨
=∑
⎬
dX i =1 2π σ i
⎢ ⎪⎩ 2σ i ⎪⎭
⎣

2

⎤
⎥
⎥
⎦

(4.7)

As can be seen from Eq. 4.7, dI/dX is described by a sum of Gaussian functions.
The pore size distribution curve, dI/dR versus R, is readily obtained from Eqs. 4.2 and
4.7:

103 k p
dI
=
dR
2π {( R − s)T0 − k p }2

N

∑
i =1

⎡ ⎧103 ( R − s) − X {( R − s)T − k }⎫ 2 ⎤
⎪
ci
p ⎪ ⎥
0
exp⎢− ⎨
⎬
⎢ ⎪
σi
2σ i {( R − s)T0 − k p }
⎪⎭ ⎥
⎩
⎣
⎦
I 0i

(4.8)

A surface layer close to the pore wall may remain liquid-like far below the depressed
melting point. If the pore has a cylindrical or spherical shape and a smooth surface, the
fraction of the surface layer with volume Vs, relative to the (high-temperature) phase at
the interior of the pore with volume Vi is given by

a

Vs ⎛ R ⎞
=⎜
⎟ −1
Vi ⎝ R − s ⎠

(4.9)

where a =2 for cylindrical pores and 3 for spherical pores.
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5.1 Sample preparation
The different porous materials being studied in this work are summarized in Table 5.1,
together with some of their characteristics. The commercial silica gels were supplied by
Merck (Kiesel gel), Macherey-Nagel (Nucleosil), Unilever (Sorbsil), and the controlled
pore glasses (CPGs) by Sigma. A non-commercial mesoporous crystalline material
MCM-41 was also used. The MCM-41 sample was supplied by Dr. Michael Stöcker,
SINTEF Materials and Chemistry, Oslo, Norway. The preparation of MCM-41 was
performed under acidic rather than alkaline conditions, in order to obtain crystal sizes
that were sufficiently large (10 µm) for the study of diffusion phenomena of confined
fluids by PFG NMR. The MCM-41 sample was prepared according to the method of
Karlsson et. al.,46 using the following general gel composition (molar ratios).

0.24%C16H33TMABr : 1%TEOS : 9.2%HCl : 130%H2O

where TEOS and TMA are short-hand notations for tetraethyl othosilicate and
trimethylammonium, respectively.
Before application, the MCM-41 sample was calcined by heating the sample at a rate of
3 K/min, first to 473 K (standby for 2 hours) and subsequently to 823 K (standby for 4
hours). The sample was flushed with air at a flow rate of approximately 100 ml/min
during the entire calcination procedure.
The N2 adsorption/desorption isotherms and BJH desorption pore size distributions of
the Sorbsil C60-40/60 and Sorbsil C200 materials were provided by Unilever Research.
The N2 adsorption/desorption isotherms of the remaining silicas were measured at 77 K
with a Quantachrome Autosorb-1 Automated Gas Sorption System., and the BJH
desorption pore size distributions were calculated.
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Table 5.1 Porous materials investigated in this work.
Nominal pore
diameter (nm)

Surface area
(m2/g)

Pore volume
(cm3/g)

Crystallite diameter
(µm)

Kiesel gel 40

4

675

0.68

200-500

Kiesel gel 100

10

298

1.04

63-200

Nucleosil 100

10

373

1.14

10

Nucleosil 300

30

88

0.86

10

Sorbsil 40

4

643

0.55

63-200

Sorbsil C60-40/60

6

510

0.75

50-100

Sorbsil C200

20

299

1.70

50-100

PG-75-200

7.9

162

0.48

70-130

PG-120-200

11.5

120

0.49

70-130

PG-170-120

15.6

91

0.81

130-180

PG-240-200

23.9

82

0.82

70-130

MCM-41

3.2

835

0.90

> 10

Name

Several organic adsorbates were investigated in this work; they are listed in Table 5.2,
together with their corresponding transition temperatures. The acetonitrile (>99.7%) and
acetonitrile-d3 (99.8 atom% D) were obtained from Merck and Isotec. Inc., respectively.
Cyclopentane (99%) and HMDS (98%) were obtained from Fluka, while benzene
(>99.7), cyclohexane (99.99%) and cyclohexane-d12 (99.6% D) were obtained from
Riedel-deHaën, Fisions Scientific Equipment and Aldrich, respectively. All liquids were
dried over molecular sieves, and then used without further purification.
The test samples were prepared in 5 mm o.d. NMR tubes, each filled to a height of
approximately 10 nm with the porous material. The samples were then dried at 423-433
K in an oven for at least 12 h in order to remove physisorbed water. The volume of
adsorbate to be added to the samples in order to obtain the desired filling degree was
calculated from the known specific pore volumes of the porous materials. The majority
of the samples were slightly overfilled, the excess going to fill the extra-granular space.
The exceptions were some of the samples containing cyclohexane and cyclopentane
confined in MCM-41, which were prepared with a filling degree of 60, 80% and 104%
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in order to study the effects of underfilling. Vortex plugs were inserted into the NMR
tubes. The tubes were then carefully sealed with polyethylene caps and parafilm.
No measurable signals from physisorbed water or silanol protons were seen in the 1H
spectrum of the investigated samples under the high-resolution conditions used in this
work.

Table 5.2 Transition temperatures of the organic adsorbates investigated in this work
Compound
Acetonitrile47

Acetonitrile-d348

Formula
C2H3N

C2D3N

Benzene

C6H6

Cyclohexane49

C6H12

Cyclohexane-d1250

C6D12

Cyclopentane51

C5H10

Hexamethyldisilane
52

(HMDS)

5.2

C6H18Si2

Transition temperature (K) Initial phase

Final phase

217-218

Solid II

Solid I

228-229

Solid I

Liquid

218

Solid II

Solid I

229

Solid I

Liquid

278.5

Solid

Liquid

186

Solid II

Solid I

280

Solid I

Liquid

186

Solid II

Solid I

277

Solid I

Liquid

179

Solid I

Liquid

222

Solid II

Solid I

288

Solid I

Liquid

NMR measurement procedures

5.2.1 NMR instruments
The measurements were carried out at 9.4 T on a Bruker Avance DMX 400
spectrometer. The self-diffusion measurements were performed employing a z-shielded
5 mm probehead, producing 0.25 T m-1 A-1. The deuteron relaxation measurements
were performed with a 5 mm broadband probehead. The pore size measurements on
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benzene and acetonitrile confined in silicas were performed with a 5 mm dual 1H/13C
probehead. All the other measurements were performed using a 5 mm inverse
probehead.
The temperature was regulated and stabilized by a Bruker B-VT 2000 temperature
control unit. The monitored temperature during an experiment usually varied by only
0.1 K for the inverse probehead, while the temperature variation was 0.5 K for the
diffusion probehead. All measurements were made by increasing the temperature after
first having cooled the samples down to low temperature to prevent the complication of
undercooling and hysteresis. During the variable temperature measurements, the
probehead was regularly tuned and the transmitter π/2 pulse length checked.
The field gradients used in the self-diffusion measurements were generated by a Bruker
BAFPA 40 gradient unit (G ≤ 10 T m-1 for the employed probehead).
All numerical calculations were performed with MATLAB version 5.3.

5.2.2 Pore size determination procedures
The sensitivity of the NMR spectrometer varies with temperature. This is mainly due to
the inverse temperature dependence of the Curie law. To account for this, a calibration
curve was obtained for the probehead using bulk methylcyclohexane.
Methylcyclohexane freezes at 146 K, far below the depressed freezing points of the
confined liquids. During the calibration procedure, the temperature was monitored by
inserting a copper-constantan thermocouple in a 5 mm NMR tube into the probe. The
calibration curve was used to normalize the numerically integrated proton signal of the
confined compounds to its value at 291 K.
In order to avoid undercooling, all intensity measurements were performed by
increasing the temperature in steps of 0.5-1.0 K after first having cooled the sample
down to approximately 150 K. The temperature control unit was adjusted so that the
temperature approached the wanted value asymptotically rather than oscillatory. The
sample was allowed to equilibrate for at least 5 min before the measurements started.
The liquid and solid components of the confined compounds were distinguished on the
basis of the spin-spin relaxation time T2, by employing a simple Carr-Purcell spin-echo
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sequence. The normalized data were then used to calculate the pore size distributions of
the investigated porous materials.

5.2.3 Relaxation measurement procedures
The T1 times were measured by standard inversion recovery. When T1 of the narrowline component was being measured, a spin-echo sequence was added at the end of the
inversion recovery sequence to remove the broad-line component. The T2 times were
measured using the Carr-Purcell-Meiboom-Gill (CPMG) sequence, with a recycle delay
of 5T1 or longer. To eliminate the signal attenuation caused by spin diffusion in internal
field gradients, the spacing between the π pulses (2tD) was set to 0.6 ms.
T2 times shorter than ca. 0.7 ms were estimated from the line widths.

5.2.4 Self-diffusion measurement procedures
The diffusivity (D) was measured using Sørland et al.’s 13-interval pulse sequence,13
which minimizes the effect of internal field gradients caused by susceptibility
differences throughout the sample.53 The effective diffusion time is in this experiment
teff = ∆ + (3 /2 )τ - δ / 6. The values of τ and δ were always fixed to 0.5 and 1.1 ms,
respectively.
A gradient pre-emphasis with three-exponential correction terms was applied in order to
remove the effect of the eddy current field; no eddy current effect was observable after
approximately 200 µs. The strengths of the gradient pulses were calibrated indirectly
using a glycerol sample and its reported diffusion coefficient at 298 K
(1.73%10-12 m2 s-1).54
The natural logarithm of the echo attenuation ln(I /I0), was plotted versus the square of
the field gradient strength g2. The diffusivity D was then extracted from the initial part
of the curve by applying appropriate weighting.
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The work in this thesis falls into two categories:
•

Determination of pore size distributions by measuring the 1H NMR signal from
the non-frozen fraction of various confined liquids as a function of temperature
(paper 1, 2 and 4).

•

Dynamic investigations of organic liquids confined in mesoporous solids: lineshapes, relaxation times and diffusivities as a function of temperature (paper 3,
4, 5 and 6).

The results of the work on pore size determination are discussed in section 6.1, while
the dynamic investigations are discussed in section 6.2.

Table 6.1 Summary of the measurements made in this work.
Porous materials
Mesoporous silicas

Organic adsorbates

Measurements

Acetonitrile

Relaxation, diffusion

Acetonitrile-d3

Relaxation

Acetonitrile
Mesoporous silicas

Benzene

Pore size distribution

(Cyclohexane)
Controlled pore glasses
(CPGs)
MCM-41

6.1

Cyclohexane

Pore size distribution, relaxation, diffusion

Cyclohexane-d12

Relaxation

Hexamethyldisilane (HMDS)

Pore size distribution, relaxation, diffusion

Cyclohexane
Cyclopentane

Relaxation, diffusion

Pore size determination

In this work, we determined the pore size distributions of several mesoporous silicas55,56
and controlled pore glasses (CPGs)57. In our work on silicas, we tested the applicability
of three organic probe molecules: cyclohexane, benzene and acetonitrile. However, in
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the case of cyclohexane, which forms a plastic solid on freezing, we had difficulties in
separating the contributions from the liquid and solid components completely at an
applied field of 9.4 T, due to the inhomogeneity broadening caused by susceptibility
differences throughout the sample.53 We therefore decided to use benzene and
acetonitrile as probe molecules. The determination of pore size distributions of CPGs
were performed using hexamethyldisilane (HMDS) as probe molecule.
Fig. 6.1 shows the signal intensity as a function of inverse temperature of liquid
acetonitrile confined in three mesoporous materials. The dashed lines represent 3-phase
least-square fits to the experimental data using Eq. 4.5. The evaluation of this equation
is based on the assumption that the correlation time of the confined molecules follows a
log-Gaussian distribution. We obtained excellent fits (2- or 3-phase) for all experimental
data, indicating that this assumption is well justified. The smooth increase in intensity
with increasing temperature is the result of the gradual melting of the frozen liquid.

Intensity (a.u.)

1.5

MP

1

0.5

0
4.5

5

5.5
1000/T (1/K)

6

6.5

Fig. 6.1 Proton signal intensity vs. inverse temperature of acetonitrile confined in 40 Å Kiesel gel (o),
100 Å Kiesel gel (△) and 200 Å Sorbsil ( ). The dashed lines represent 3-phase least-square fits to the
experimental data using Eq. 4.5.

44

6 Results and discussion

The melting point distribution curves were obtained by inserting the fitted I0i, X0i and σ0i
values (Eq. 4.5) into Eq. 4.7. Fig. 6.2 shows the melting point distribution curves
obtained for acetonitrile and benzene confined in 60 and 200 Å Sorbsil. The hightemperature transition point (X01), corresponding to the inverse temperature at the first
maximum of the melting distribution curve, is interpreted as the average depressed
melting point of the confined crystallite, in accordance with the Gibbs-Thompson
relationship (Eqs. 4.1 and 4.2). However, the intensity data reveal that a measurable
portion of the adsorbate confined in the porous materials of smaller nominal pore
diameter (less than 100 Å) apparently remains unfrozen even at 160 K. This component
gives rise to the relatively broad transitions seen below the high-temperature transition.
We suggest that the component at lowest temperature mainly originates from a nonfrozen surface layer, rather than from a normal colligative freezing of the pore liquid, as
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Fig. 6.2 Melting point distribution curves derived from Eq. 4.7 for acetonitrile confined in 60 Å Sorbsil
(a), acetonitrile confined in 200 Å Sorbsil (b), benzene confined in 60 Å Sorbsil (c) and benzene confined
in 200 Å Sorbsil (d).
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discussed by Overloop et al.5 The relative contribution of the surface component
increases with decreasing pore size, as expected. The component at the intermediate
temperature observed in the silica samples might result from pockets in the porous
solid, or it might even reflect a bimodal pore size distribution.
The liquid-like surface layer, trapped between the solid matrix of the adsorbent and the
frozen liquid at the centre of the pore, might act physically as part of the pore wall, thus
reducing the effective pore radius by s. However, this effect is found to be small for
most of the pore systems studied in this work.
In Fig. 6.3, the melting point depression ∆T , obtained from the high-temperature
transition, is plotted against the inverse nominal pore radius in the case of acetonitrile
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Fig.6.3 Melting point depressions (∆T), determined by NMR, plotted vs. inverse nominal radius
determined by N2 sorption measurements: acetonitrile confined in porous silica (a), benzene confined in
porous silica (b) and HMDS confined in controlled pore glasses (c). In (c), ∆T is plotted against (R-s)-1,
with the best fit obtained with an s-value of 1 nm.
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and benzene confined in silicas, and against the inverse radius of the melting crystals
((R-s)-1) in the case of HMDS confined in CPGs. The linear relationship observed in all
three cases, demonstrates that the Gibbs-Thompson relationship (Eq. 4.2) is fulfilled,
although the curves obtained without making any correction for the reduction in
effective pore radius due to the existence of a surface layer pass somewhat off the
origin. From the slope of the curves, we obtained a kp value of 83.4 K nm for benzene,
54.5 K nm for acetonitrile and 74 K nm for HMDS.
The pore size distribution curves shown in Figs. 6.4 and 6.5 were obtained from Eq. 4.8,
using the kp-values obtained from the plots of ∆T versus inverse pore radius and the
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Fig. 6.4 Pore size distribution curves derived from Eq. 4.8 for acetonitrile confined in 60 Å Sorbsil (a),
acetonitrile confined in 200 Å Sorbsil (b), benzene confined in 60 Å Sorbsil (c), and benzene confined in
200 Å Sorbsil (d). The circles in (a), (b) and (c) show the distributions obtained from the measured
temperature ranges. The dashed lines represent the pore size distributions derived from N2 sorption
measurements.
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Fig. 6.5 Pore size distribution curves derived from Eq. 4.8 for HMDS confined in controlled pore glasses
with mean diameter 7.9 nm (a), 11.5 nm (b), 15.6 nm (c) and 23.9 nm (d). The circles show the
distributions obtained from the experimental points.

parameters obtained from the theoretical fits using Eq. 4.5. The average pore size
distributions obtained using acetonitrile and benzene as adsorbates show good
agreement, and the results are comparable to those obtained by N2 sorption, which also
show quite broad overall distributions. This indicates that the obtained pore size
distributions are not largely affected by the different size and shape of the adsorbate
molecules - acetonitrile being a relatively compact symmetric-top molecule, while
benzene is a somewhat larger disk-shaped molecule.
As can be observed from Fig. 6.4, NMR apparently gives a more detailed picture of the
pore size distribution than the N2 sorption method, revealing three relatively welldefined peaks. However, in the HMDS paper (no. 4) we obtained excellent 2-phase fits
by carefully adjusting the relaxation delay in the spin-echo experiment, as demonstrated
by the pore size distribution curves in Fig. 6.5. As mentioned above, the lowtemperature signal can be largely attributed to the liquid at the pore walls, but a minor
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contribution from liquids in small pockets within the solid matrix is feasible. However,
since these molecules have relatively short T2 their intensity contribution can be partly
eliminated by increasing the spin-echo time. Thus, the question may be asked whether
the higher resolution obtained by NMR is the result of the experimental setup? At any
rate, it can be concluded that the NMR and N2 sorption methods give the same overall
pore size distributions.
If the NMR method could be made more efficient by automation, it has the potential to
become an alternative approach to the conventional gas sorption technique for pore size
characterisation in the mesoporous range. However, in practice it will be difficult to
determine accurately pore sizes larger than approximately 40 nm in diameter, due to the
small freezing point depression of the confined liquid. The use of a fixed delay to
remove the signal from the frozen component is also associated with problems. Using a
fixed delay can lead to a temperature dependence of the contribution from the surface
layer, which has shorter T2 than the liquid in the small pores, as the signal approaches
zero at low temperatures. This can cause error, as the total signal, in addition to the
signal from the liquid, also contains a considerable contribution from the surface layer,
especially in small pores. In addition, diverging kp values obtained for the same
adsorbate raises the question of whether kp is dependent on the adsorbent being used.
Another complicating factor is that the kp and s values in the Gibbs-Thompson relation
might vary with the echo time.

6.2 Dynamic investigations
In these papers the rotational and translational dynamics of four organic compounds
(plus two deuterated ) confined in mesoporous silicas, controlled pore glasses or
MCM-41 have been studied, and the results are compared with reference to the bulk
materials.
Three of the investigated compounds form a disordered (plastic) phase of high
symmetry on solidification (solid I). Hexamethyldisilane (HMDS) exhibits a disordered
phase between the phase transition at 222 K and the melting point at 288 K.52 X-ray
studies58 have shown that the plastic phase (solid I) is body-centred cubic with two
molecules per unit cell and a lattice constant of 0.843 nm at 225 K. Cyclohexane exists
in a plastic phase between the transition point at 186 K and the melting point at 280 K.49
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X-ray diffraction data59 have demonstrated that the plastic phase is phase-centred cubic
with four molecules per unit cell and a lattice constant of 0.861 nm at 195 K.
Cyclopentane solidifies into a hexagonal plastic phase at 179 K.51 Acetonitrile
undergoes a solid II → solid I phase transition at 217-218 K and melts at 228-229 K.47
Both solid I and solid II are ordered phases.

6.2.1

Line-shape

Line-shape observations of the investigated confined liquids reveal a narrow-line
component superimposed on a broad line below the melting point of the corresponding
bulk substances.60,61,62,63 Two examples of the line-shapes observed in the confined

a)

b)

Fig. 6. 6

1

H NMR line-shapes of cyclohexane in 20 nm silica at 280 K (a) and of bulk acetonitrile and

acetonitrile confined in silicas with pore diameters of 6 nm and 20 nm at 190 K (b).
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samples are shown in Fig. 6.6. The relative contribution of the narrow-line component
increases with decreasing pore size and increasing surface-to-volume ratio. The signal
intensity of the narrow-line component decreases with falling temperature; at the lowest
temperatures measured (150-160 K), it could no longer be distinguished. The melting
and transition points of the confined substances exhibit a pore size dependent
depression. The narrow-line component can, in the melting region, be attributed to the
surface layer and the melted liquid in the smaller pores. The component at lowest
temperature is attributed to the non-frozen surface layer, trapped between the solid
matrix of the adsorbent and the frozen liquid at the centre of the pore. The large
transition width indicates a significant heterogeneity in the structure. With decreasing
temperature, T2 of an increasing part of the molecules will become shorter and therefore
not contribute to the NMR signal if the spin-echo time (tD) is kept constant. The signal
will therefore approach zero. In principle, the low-temperature signal can be used to
determine the thickness of the surface layer, a parameter which can be used to
determine the surface area S. However, since this contribution can be somewhat affected
by the inter-pulse spacing tD, only approximate values can be obtained.
The broad component (15-25 kHz) is similar to the one seen for the bulk components,
and is attributed to the crystalline solid at the centre of the pore.

6.2.2 Spin-spin relaxation
The 1H and 2H T2 data of most of the investigated confined systems are shown in
Figs. 6.7 and 6.8 as semi-logarithmic plots versus the inverse temperature. T2 of the
narrow-line component of the confined samples was measured with the CPMG
sequence, while T2 of the broad line was estimated from the line width. Extensive
susceptibility broadening precluded a reasonable evaluation of the line width in the
upper temperature region of the plastically crystalline solid (solid I).
The T2 values of the confined liquids are consistently shorter than for the corresponding
bulk liquids. This result reflects the liquid-solid interactions with the pore surface and
the more restricted motions in the confined systems. This observation is supported by
the fact that the shortest T2 values are observed for liquids in the smallest pores.
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T2 of the methyl deuterons of acetonitrile-d3 confined in 6 nm silica is continuous and
linear across both the melting and transition points of the bulk compound. This is a
reasonable observation, as the narrow-line component is dominated by the liquid-like
surface layer in virtually the whole temperature region. In contrast, the deuteron T2
curve of the 20 nm silica sample exhibits a discontinuous increase upon reaching the
melting point. This is due to the fact that in the larger pore system, the narrow line is
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Fig. 6.7 T2 relaxation times vs. inverse temperature: 1H T2 of bulk acetonitrile and acetonitrile confined in
6 and 20 nm silica (a); 2H T2 of bulk acetonitrile-d3 and acetonitrile-d3 confined in 6 and 20 nm silica (b);
1

H T2 of cyclohexane (c) and cyclopentane (d) confined in MCM-41 with 60% filling, 80% filling and

104% filling. In (c), the T2 data of the bulk compound is also shown. BP, MP and TP indicate the
boiling, melting and transition points of the bulk substances, respectively.
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1

H T2 relaxation times vs. inverse temperature of HMDS confined in CPGs with mean diameter

7.9 nm (a) and 23.9 nm (b) and of cyclohexane confined in CPGs with mean diameter 7.9 nm (c) and
23.9 nm (d). Filled and open symbols are used to distinguish between the two narrow-line components.
Additionally, the T2 data for a filling fraction of 0.8 (symbols ○ and ●) are also shown in (c). The 2H T2
data of cyclohexane-d12 confined in 7.9 nm and 23.9 nm CPGs (symbols ○ and △, respectively) are shown
in (e). For comparison, the T2 data of the bulk compounds are shown on all plots (□). MP and TP indicate
the melting and transition points of the bulk substances.
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dominated by the contribution from the surface layer below the melting point, whereas
the liquid at the interior of the pore dominates above the melting point. The deuteron T2
relaxation of the molecules in the surface layer is believed to be modulated by restricted
reorientations of the methyl group. When the solid at the interior of the pores melts, the
overall molecular tumbling may become more important, giving a discontinuous
increase in T2.
T2 of the methyl protons of acetonitrile confined in 6 nm and 20 nm silica increases
rapidly between 200 K and the bulk melting point. This steep increase in T2 probably
reflects the onset of translational diffusion above 200 K.
For hexamethyldisilane and cyclohexane confined in controlled pore glasses, attempts
to fit the T2 decays of the narrow line to a single-exponential always failed, while dualexponential fits gave very good agreement between experiment and theory. The fact that
this behaviour was observed in all the samples, indicates that the dual-exponential decay
is real, and not just an artefact. An example of single- and dual-exponential fits of the
T2 decay of cyclohexane confined in CPG is shown in Fig. 6.9. In most cases, the two
narrow-line components were easily distinguishable from another. The exception was in
the depressed melting point region, where the two T2’s had comparable values. It was
therefore difficult to determine T2 accurately in this temperature region. Dualexponential decays of the transverse magnetization have also been reported for water64
and deuterated water65 confined in porous glasses.
The occurrence of two narrow-line components throughout the whole temperature
region, even in the liquid state, and with T2 values in the range of 0.7-400 ms for HMDS
and 0.7-110 ms for cyclohexane, indicates slow exchange of molecules on the T2 time
scale between the two components. The distance travelled by the molecules during the
course of the experiment is significantly less than the size of the grains. We therefore
suggest that the two narrow-line components originate from separate regions of the
solid matrix, or even different grains.
In our work on cyclohexane confined in CPGs, the relative intensities of the two
components were estimated from the initial strength (the coefficients) of the dualexponential fits. The component showing the shorter T2 value below the melting point
was found to contribute ca. 95-99% to the total signal, depending on the porous
material. However, in the region of the depressed melting point, T2 of this component
increases rapidly and becomes much longer than T2 of the minor component. The major
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component is, in accordance with the line width measurements, attributed to
cyclohexane (or HMDS) confined in mesopores. The minor component probably
originates from liquid confined in narrow offshoots or pockets in the porous solid.
As demonstrated in Fig. 6.8, the T2 values of the overfilled and underfilled (80%)
cyclohexane samples were identical within experimental error. This indicates that
cyclohexane in the filling process preferably forms the surface layer and occupies the
smaller pores, that is, regions that largely contribute to the narrow-line components.

Intensity (a. u.)

a)

Time (s)

Intensity (a. u.)

b)

Time (s)
Fig. 6.9 Single-exponential (a) and dual-exponential (b) fits of the T2 decays of the narrow line of
cyclohexane confined in a controlled pore glass at a temperature of 239 K.
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The T2 values of cyclohexane confined in MCM-41 are virtually independent of the
degree of pore filling below 190 K. However, with increasing temperature T2 of the two
underfilled samples levels off to a value around 5-6 ms, while T2 of the slightly
overfilled sample increases gradually to 21 ms at the bulk melting point. The shorter T2
of the underfilled samples might reflect a larger contribution of molecules at the pore
walls with enhanced relaxation. T2 of cyclopentane confined in MCM-41 increases
markedly with pore filling, showing a similar trend as cyclohexane.
Cyclopentane confined in MCM-41 remains in the liquid state throughout the whole
investigated temperature region. The T2 values of the confined liquid are reduced by
three orders of magnitude relative to the bulk material, showing that the surface
relaxation is very efficient in the narrow pores of the MCM-41 solid. The T2 curves of
cyclopentane exhibit maxima in the temperature region from 220 to 235 K. This
observation is believed to reflect an increasing contribution from intermolecular
relaxation modulated by translational diffusion.

6.2.3 Self-diffusion
The diffusivities (D) of the bulk and most of the confined compounds are shown in
Figs. 6.10 and 6.11 as semi-logarithmic plots versus the inverse temperature.
The diffusivities of the bulk liquids undergo a discontinuous drop of three to four orders
of magnitude at the melting point, from a value of 9.3 × 10-10 in the liquid to 5.4 × 10-9
m2 s-1 in the plastic phase for HMDS,66 and from 1.1 × 10-9 m2 s-1 in the liquid to
1.9 % 10-13 in the plastic phase for cyclohexane.67
The diffusion rates of the confined liquids are lower than in the bulk materials. The
measured diffusivity in the liquid region is the average value of the liquid at the centre
of the pores and the liquid at the pore walls, which are in fast exchange. In the solid
state, the contribution to the PFG signal amplitude from the plastically crystalline phase
at the interior of the pores is small owing to short T2. This means that in the freezing
region, the measured diffusivity mainly reflects the diffusion of the narrow-line
component, i.e. the surface layer plus the undercooled liquid. As increasing amounts of
the liquid in the smaller pores solidify, the relatively mobile molecules at the pore walls
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will dominate the spin-echo signal, and consequently the diffusivity. This component,
which demonstrates a diffusivity that is continuous across the transition point, appears
to be a continuation of a liquid-like phase. The relatively high diffusion rates reflects a
high molecular mobility, in accordance with the T2 results.
The diffusivity of solid acetonitrile is not measurable with the PFG method owing to
slow self-diffusion and short T2. The self-diffusion data of acetonitrile confined in silica
were satisfactorily characterized by a single component. In the liquid region, the
diffusion rate of confined acetonitrile is significantly reduced with decreasing pore size,
an observation which is also reflected in the concomitant increase in activation energy.
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Fig. 6.10 Temperature dependence of the diffusivity D: the diffusivity of bulk acetonitrile and
acetonitrile confined in 6 and 20 nm silica (a);the diffusivity of cyclohexane (b) and cyclopentane (c) in
bulk and confined in MCM-41 with 60% filling, 80% filling and 104% filling. BP, MP and TP indicate
the boiling, melting and transition points of the bulk compounds, respectively.
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Fig. 6.11 Diffusivities vs. inverse temperature: HMDS confined in CPGs with mean diameter 7.9 nm (a)
and 23.9 nm (b), and cyclohexane confined in CPGs with mean diameter 7.9 nm (c) and 23.9 nm (d). For
comparison, the diffusivities of the bulk compounds are shown on all plots (□). MP and TP indicate the
melting and transition points of the bulk substances.

Owing to the limited size of the porous silica grains, the diffusivity of the confined
acetonitrile is dependent on the observation time in the lower temperature region. The
short diffusion time model developed by Mitra et al.27 was applied in order to determine
the true intra-grain diffusivity, D0. The diffusivities of acetonitrile confined in 6 and 20
nm silica versus the square root of the effective diffusion time, measured at six different
temperatures, are shown in Fig. 6.12. The D(t)/D0 ratio at the shortest observation time
was larger than 0.7 for both samples at all temperatures. This indicates that D0 can be
obtained with reasonable accuracy from Eq. 3.10 by extrapolating the fitted straight
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Fig. 6.12 Diffusivities of acetonitrile confined in 6 nm silica (a) and 20 nm silica (b) vs. the square root
of the effective diffusion time, measured at six different temperatures.

lines to zero. Without the short-time fit, the measured intra-particle diffusivity of the
confined liquid would be underestimated by 4-6%.
The signal attenuation curves of HMDS and cyclohexane confined in CPGs were
single-exponential for all temperatures below ca. 230-240 K. Above this temperature,
however, the echo attenuation, especially for cyclohexane, appeared to be nonexponential. In our opinion, this behaviour is mainly caused by the presence of two
components, as indicated by the T2 data., rather than a violation of the quadratic
dependence on the field strength (the second cumulant approximation).68 Attempts to
improve the fit of the experimental diffusion data of HMDS by a bimodal decay
function failed. In contrast, excellent fits between experiment and theory were obtained
for cyclohexane by using a sum of two Gaussian functions, as demonstrated in
Fig. 6.13. This shows that the rate of molecular exchange between the two components
is slow also on the time scale of the diffusion experiment (~ 50ms). In the twocomponent region (ca. 240-290 K), the fitting procedure resulted in reasonable values of
the diffusivity of the predominating component, but the values for the second
component were unrealistically high, probably as a consequence of too few
experimental points.
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Fig. 6.13 Spin echo attenuation (I) of cyclohexane in CPGs with mean diameter 7.9 nm at 264 K. The
dashed and solid lines represent 1- and 2-component fits, respectively, while the + symbols show the
experimental points.

Below 217 K, only a small fraction of the confined cyclopentane molecules are sensing
the surface of the crystallite (≥10 µm) during the time of gradient pulse, and the
intracrystalline diffusivity is obtainable from a 1-phase fit. At higher temperatures,
however, the intercrystalline contribution must be taken into account. In principle, the
relative contribution of the fast-diffusing intercrystalline component can be obtained
from the 2-component fits; however, since only 2-3 data points contain information on
this component it is not possible to get reliable information from the present data. A lot
of data points and thus time-consuming experiments, would be needed to quantify the
contributions of both components.
We consequently discarded the values for the second component; in the hightemperature region of the cyclohexane diffusivity plots shown in Fig. 6.11, and only the
diffusivities of the predominant component are plotted. Still, the dual-exponential fits
give more reliable diffusivity values of the major component, as the contribution of the
minor component is accounted for.
On the time scale of the experiment (ca. 50 ms), the root-mean-square displacement of
the confined HMDS and cyclohexane molecules is between ca. 1 and 17 µm, depending
on temperature. This distance is considerably less than the size of the porous grains, but
exceeds the mean pore diameter by several orders of magnitude. This means that the
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fraction of molecules escaping from the grain surface will be small in most cases, and
the true intra-grain diffusivity can be omtained.27
The diffusion rates of HMDS and cyclohexane confined in CPGs are apparently only
slightly affected by the change of pore size, suggesting that the molecular diffusion rate
in the surface layer is not significantly affected by the curvature of the constriction. The
diffusion rates of the two liquids in the 7.9 nm pore system which was modified to give
a more hydrophobic glass surface are comparable to those in the other pore glasses. This
indicates that HMDS and cyclohexane experience rather week interactions with the
silica surface also in the untreated porous solids.
Cyclopentane does not freeze within the measured temperature region. Thus, the spin
echo signal of cyclopentane confined in MCM-41might be affected by both the intraparticle and inter-particle diffusivity, and may appear non-linear also in the initial part,
in contrast to the signal of confined cyclohexane. Indeed, at low field gradient strengths
the attenuation curves of the confined cyclopentane showed the presence of a rapidly
diffusing component above 270 K. However, this component decayed rapidly with
increasing field gradient strength. The rapidly diffusing component was eliminated by
removing the first 1-3 points from the decay curve before extracting D. This component
is attributed to the liquid in the inter-crystalline space.
The self-diffusion rate of cyclopentane confined in MCM-41 decreases markedly with
increasing pore filling, in contrast to the situation for cyclohexane. However, in the case
of cyclopentane, the diffusion experiment detects the diffusivity of all the liquid in the
pores, while only the diffusivity of the surface layer is monitored below the depressed
melting point in the case of cyclohexane.

6.2.4 Spin-lattice relaxation
Figs. 6.14 and 6.15 show semi-logarithmic plots of T1 versus inverse temperature for the
bulk liquids and the liquids confined in the majority of the investigated porous
materials.
The negative slopes of all the T1 curves, except those of confined acetonitrile, show that
the extreme narrowing condition prevails in the bulk as well as confined systems.
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The marked discontinuity seen in the T1 curves of the bulk compounds at the transition
point is associated with a structural change of phase and a subsequent change of the
motions that governs the T1 relaxation.
The interactions between the surface hydroxyl protons and the nitrogen on the CN
group of the confined acetonitrile lead to significant hindrance of the molecular
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Fig. 6.14 T1 relaxation times vs. inverse temperature: H T1 of bulk acetonitrile and acetonitrile confined
in 6 and 20 nm silica (a); 2H T1 of bulk acetonitrile-d3 and acetonitrile-d3 confined in 6 and 20 nm silica
(b); 1H T1 of cyclohexane (c) and cyclopentane (d) confined in MCM-41 with 60% filling, 80% filling
and 104% filling. In (a) and (b), filled and open symbols are used to distinguish between narrow and
broad signals of the confined samples, respectively. BP, MP and TP indicate the boiling, melting and
transition points of the bulk substances, respectively.
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Fig. 6.15

1

H T1 relaxation times vs. inverse temperature of HMDS confined in CPGs with mean

diameter 7.9 nm (a) and 23.9 nm (b), and of cyclohexane confined in CPGs with mean diameter 7.9 nm
(c) and 23.9 nm (d). Filled and open symbols are used to distinguish between the broad-line and narrowline components. Additionally, the T2 data for a filling fraction of 0.8 (symbol ●) are also shown in (c).
The 2H T1 data of cyclohexane-d12 confined in 7.9 nm and 23.9 nm CPGs (symbols ○ and △, respectively)
are shown in (e). For comparison, the T1 data of the bulk compounds are shown on all plots (□). MP and
TP indicate the melting and transition points of the bulk substances.
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tumbling motion. Thus, the T1 (and T2) relaxation mechanisms of the molecules in the
surface layer, as well as in the crystalline solid at the centre of the pore, are believed to
be modulated by C3 reorientations.
T1 of HMDS and cyclohexane confined in CPGs, was measured for both the broad and
narrow lines. Fig. 6.16 shows the NMR signal of confined HMDS with and without the
addition of a spin-echo sequence at the end of the inversion recovery sequence to
remove the broad-line component. Only one T1 value was measurable for the narrow
line, indicating that the T1 values of the two narrow-line components were not
sufficiently different to be separated. However, two components could be discerned
when the inverted signal was going through zero and becoming positive. In the liquid
region, fast exchange between the molecules at the surface layer and at the interior of
the pore made the T1 values of the broad and narrow line identical within experimental
error. Below the melting region, the T1 of the narrow line was consistently shorter than
T1 of the broad line, suggesting that the molecular reorientation is more hindered close
to the surface. This observation is also reflected in the higher activation energy obtained
from the T1 data of the narrow line as compared to the broad line.
The T1 behaviours of cyclohexane and cyclopentane confined in MCM-41 are
remarkably similar, despite the fact that we are comparing compounds exhibiting
different bulk phases at corresponding temperatures. This observation is also reflected
a)

b)

Fig 6.16 The 1H NMR signal recorded after employing an inversion recovery sequence (upper signal) or
an inversion recovery sequence with an added spin-echo sequence to remove the contribution from
broad-line component (lower signal) for HMDS confined in 7.9 nm CPG at 200 K (a) and 23.9 nm CPG
at 220 K (b).
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in comparable activation energies. The activation energies are significantly larger than
the values observed for the bulk compounds, reflecting a considerable restriction to the
motion inside the pores. In both systems, T1 increases with the degree of pore filling.
This decrease is probably due to reduced contribution from surface relaxation,
indicating that the confined liquids form a surface layer before filling the centre of the
pore. By assuming that the molecules are either residing in the surface layer with a
particular relaxation time T1S, or they are located in the middle of the pore or in the
intermolecular space, with a relaxation time T1B associated with the bulk liquid, and
approximating T1S by the observed value of T1 in the most underfilled sample (60%),
while putting T1B equal to the bulk value, the thickness of the surface layer was
calculated to be approximately 0.65 and 0.52 nm for confined cyclohexane and
cyclopentane, respectively. These values constitutes approximately one molecular layer
of the confined liquids.
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7 Conclusions
In the first part of this work, the pore size distributions of different mesoporous silica
materials were determined by measuring the 1H NMR signal from the non-frozen
fraction of various organic probe molecules as a function of temperature. The melting
point distribution curves of the confined liquids reveal three (two) transition points. The
high-temperature transition point is interpreted as the average depressed melting point
of the confined crystallites, in accordance with the Gibbs-Thompson relationship, while
the transition at lowest temperature can be largely attributed to the surface layer. The
component at intermediate temperature, if observed, probably originates from liquid in
pockets in the solid matrix.
In the mesoporous range investigated in this work, the overall pore size distributions
determined by NMR are comparable to those obtained by N2 sorption measurements.
The NMR method apparently gives a more detailed picture of the pore size distribution
than the N2 sorption method, revealing 2-3 partly overlapping peaks. It should be
pointed out, however, the higher resolution obtained by NMR could be partly caused by
the experimental setup.
NMR gives overall pore size distributions comparable to those obtained by the
conventional N2 sorption method. However, pore sizes larger than ca. 40 nm in diameter
will be difficult to determine accurately by NMR due to the relatively small melting
point depression experienced for the employed adsorbates.
In addition, reduced T2 in the liquid due to surface relaxation, diffusion effects in
internal gradients, and the fact that T2 varies with temperature, may cause problems.
Another complicating factor is that the evaluated kp and s values in the Gibbs-Thompson
relation might, to some extent, be affected the echo time.
Moreover, the NMR method, being based on a series of variable temperature (VT)
measurements, is rather time consuming. At present, it is not likely that the NMR
method, which requires expensive equipment and is based on little time-efficient VT
measurements, will become an alternative technique to the conventional methods used
to determine pore sizes, i.e., gas sorption, mercury porosimetry and thermoporometry.
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In the second part of this work, the molecular dynamics of several organic compounds
confined in various mesoporous materials were studied. The confinement in the pores
gives rise to substantial changes in the molecular dynamics and phase behaviour. Thus
the confining geometry restricts the mobility of the probe molecules and reduces the
relaxation times and diffusion rates as compared to the bulk substance. The line-shape
measurements reveal a two-component system, composed of a narrow peak
superimposed on a broad resonance, at temperatures well below the transition point of
the bulk compound. The narrow line is attributed to the surface layer and the melted
liquid in the smaller pores. The broad line is assigned to the (plastically) crystalline
solid at the centre of the pores.
The true intra-grain diffusivity of acetonitrile confined in porous silica was obtained by
using the short diffusion time model, and extrapolating to zero observation time.
The T2 and diffusion measurements of HMDS and cyclohexane confined in controlled
pore glasses show that the mobile phase also embraces a minor component, attributed to
non-frozen liquid in pockets or offshoots.
T1 and T2 of cyclohexane and cyclopentane confined in MCM-41 increase clearly with
increasing pore filling, presumably as a result of reduced contribution from surface
relaxation.
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