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Introduction
Metal-organic frameworks (singular abbrev. MOF, plural MOFs) are a broad

class class of porous materials. According to their composition, they are also
denoted as coordination polymers since generally organic molecules coordinate to
metal centers, forming a multi-dimensional polymer network [1, 2, 3]. Although
the first mentions of coordination polymers appeared in 1960’s [4], chemists had
to put large effort in order to synthesize stable, porous and well-organized mate-
rials of this type. The probably most important milestone in this research was
the synthesis of MOF-5 by Yaghi et al. [5]. Due to its unusual stability even
after removal of solvent, MOF-5 became probably the best known MOF ever.
The DMOF-1, which is in the focus of this study, was first synthesized in 2004
[6]. Thus, it is still a relatively new microporous material.

MOFs attracted a big attention during first years of the 21st century. They
are considered to be a potential complement or replacement to commonly used
zeolites. If referred to the mass of the porous solid, MOFs have generally a higher
porosity and a higher variability of pore sizes, compared to other microporous
and mesoporous materials. Since they have a low density and a high inner sur-
face area they are expected to be ideal gas storage materials [7, 8]. The large
variability of MOF structures and the possibility of functionalization made them
also a promising class of materials for application in gas separation, catalysis,
sensoring and nano-engineering [4].

Limited stability against moisture combined with synthesis using organic sol-
vents make MOFs often unsuitable for large-scale industrial applications. The
problems are nevertheless not ultimate. BASF offers MOF-based methane con-
tainers since 2012[9] filled with CuBTC and ZIF-8 as adsorbents (Basolite R⃝).
Despite of the partial successes a lot of research still has to be done in order to
truly exploit the potential of MOFs.

A metal ion or cluster of metal ions form secondary building units. A com-
prehensive list of secondary buildings units can be found e.g. in [10]. Ligands
in MOFs are organic residues. They have 2 or more functional groups capable
of coordination to the mutual center. The ligands are shared between different
secondary building units linking them together (linkers). Some of the organic
compounds that are often used as linkers are presented in [4].

The geometry plays an important role in MOF synthesis. Coordination com-
plexes energetically disfavor changes of the binding angles between ligands. Hence
the connectors tend to keep linkers in certain layouts. The linker act in a similar
way. They have to be at least partially rigid in order to keep the distances and
the angles between secondary building units. The rigid keeping of the distances
and the angles allows periodic repetition of MOF structure [4]. The composition
allows fine-tuning of MOF by replacement of the ligands by another species with
similar geometry but different chemical properties.
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However, in order to utilize the MOF for gas adsorption, one needs to under-
stand the hots-guest interaction in detail. It particularly means knowledge on
where the guest adsorption sites are located, how are the guest molecules orient-
ed and what are the processes responsible for transport between the adsorption
sites. The transport processes in the pore space are important information re-
quired for understanding adsorption and separation processes on a molecular
level. E.g. X-ray crystallography and optical spectroscopy are very useful tools
for structural studies. However, they cannot generally provide the information
about weakly-bound, fast-moving guest molecules in microporous hosts. On the
contrary, nuclear magnetic resonance provides useful tools for such investigation.
Thus it was chosen as main experimental method in this work on adsorbed car-
bon dioxide in the micropores of the metal-organic framework DMOF-1 (abbrev.
for Zn2(BDC)2(DABCO)). Just like in liquid crystals, molecular orientation is
propagated in the NMR spectra. PFG NMR method is sensitive to translational
diffusion. Additionally, the molecular reorientation processes directly influence
the relaxation of nuclear magnetization of the adsorbed molecule. Thus, NMR re-
laxometry may provide information on rotational dynamics of the adsorbed CO2.

Unfortunately, the information provided by NMR is not unambiguous and it
could be interpreted in different ways. In order to extract the exact dynamical
parameters of host-guest interaction, one needs to create a theoretical model of
the system. The model serves as a base for prediction of NMR-measurable param-
eters which are later compared the experiments. Classical molecular dynamics
simulation was used in this work since it is unprecedented method for theoretical
calculations for systems with large numbers of atoms.

This work tackles the problem of guest dynamics in MOF. Rather than screen-
ing of many different systems, it focuses on a single combination of MOF host
with gaseous guest in order to get full and detailed understanding of host-guest
interaction. The combination of host and guest is not coincidental. DMOF-1 was
chosen for methodological reasons - as it is relatively easy to synthesize and it is
anisotropic, thus providing more opportunities for NMR measurements. CO2 was
chosen due to its prominent place in industrial application. Specialized CO2 stor-
ages are promising tool in global effort to reduce greenhouse effect. CO2 is also
one of the major component of natural gas. Since it has usually higher adsorption
energy than methane, it contaminates gas storages designed to store natural gas
and shortens their lifetime.

Major goal of this work is obtaining a detailed quantitative figure of motions
of the carbon dioxide motions inside of the Zn2(BDC)2(DABCO)microporous
framework. NMR spectroscopy methodologies applicable for the studies of molec-
ular dynamics are utilized, especially those based on the pulsed magnetic field
gradients sensitive to translational motions and those based on nuclear spin re-
laxation sensitive to molecular reorientations. The experimental data will be
interpreted in concert with computer simulations of molecular dynamics and ad-
vanced processing of the respective trajectories will be employed in order to obtain
parameters directly comparable with experimental observables.
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This thesis is organized as following. The first chapter describes the investi-
gated DMOF-1 and its properties. The second chapter summarizes NMR basics
necessary for all the calculations and data interpretations presented in in this
work. The third chapter describes all the experiments and computer simulation
which have been run. It is followed by chapters 4 and 5 that are presenting the re-
sults of CO2molecular reorientation obtained from NMR spectra and translational
diffusion from NMR diffusiometry, respectively. The sixth chapter provides calcu-
lations relating molecular translation and rotational motion to relaxation nuclear
magnetization.
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1. Microporous MOF host system

1.1 Structure of DMOF-1
DMOF-1 is also denoted as Zn2(BDC)2(DABCO). It is a crystalline nanoporous

coordination polymer that belongs to the so-called layered-pillared MOF systems.
DMOF-1 was first synthesized and characterized by Dybtsev and coworkers in
2004 [6].

DMOF-1 is based on different types of linkers - benzene-1,4-dicarboxylate
(BDC, see Fig. 1.1 left) known as terepthalate and 1,4-diazabicyclo[2.2.2]octane
(DABCO, see Fig. 1.1 right).

Figure 1.1: Linkers building the DMOF-1 structure. Benzene-1,4-dicarboxylate (left)
and 1,4-diazabicyclo[2.2.2]octane (right), Elements are represented by colors as follow-
ing: hydrogen - white; carbon - grey; oxygen - red; nitrogen - blue

Each of the oxygen atoms in the carboxylate groups is covalently bound to
one zinc atom. A pair of zinc atoms is effectively shared by 4 carboxylate groups
forming so-called “paddle-wheel". One DABCO is attached to each single zinc
atom bound by the nitrogen atoms. Thus, the DABCO group reside aligned by
nitrogen-nitrogen axis with the axis of the paddle-wheel (see Fig. 1.2). Since the
paddle-wheel is in fact comprised of two organo-metallic coordination centres it
is rather resistant to changes of binding angles thus keeping the linkers perpen-
dicular to each other.

This structure unit is periodically repeated to form a three-dimensional net-
work. Because of its rectangular profile and different linker in one direction,
DMOF-1 is often being characterized as jungle-gym-type MOF [11, 12, 13]. The
term itself could be somehow misleading. Because of the interaction between
carboxylate oxygen and hydrogen of the benzene ring the BDC is stabilized in
the plane of the paddle. Considering van der Waals radii of the atoms, the BDC
plane act as a solid wall interrupted only by small windows. Consequently the
pore structure shall be regarded as a set of parallel one-dimensional tetragonal
channels (see Fig. 1.3) interconnected by small windows. This interpretation will
be useful for later discussion of diffusion anisotropy.

The DMOF-1 unit cell has a size of ca. a = b = 10.9Åand c = 9.6Å[6].
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Figure 1.2: Paddle-wheel with attached linkers. There is the same color notation of
the atoms like in the Fig. 1.1. Zinc atoms are represented by blueish gray.

According to the IUPAC classification its cavities are considered as micropores
[14]. The windows have size of 7.5 x 4 Å2 while the channels have rectangular
profile with a size of 7.5 x 7.5 Å2 [6] (see Fig. 1.3).

When referring about cartesian coordinates in the crystal frame (cfr), the a-
and b-axes point in the direction of the BDC carboxylate-carboxylate axes of
symmetry. The c-axis is parallel to the channel direction. Spherical coordinates
are defined using angles φ and θ. The polar angle θ is defined as deviation from
the c-axis. The azimuth angle φ is defined as deviation from the a-axis measured
in the ab-plane.

1.2 DMOF-1 adsorption properties

Dybtsev and his coworkers emphasized unusual ability of DMOF-1 to re-
versibly change its structure upon adsorption of benzene. Some other MOFs
were later found to have the same ability but it was always restricted to certain
combinations of host and guest materials [15]. Structural changes were also ob-
served after adsorption of propane-2-ol in DMOF-1 [16, 11]. The phenomenon
was later named "breathing-effect" in an analogy to the movement of animal
chest.

Early after its discovery Zn2(BDC)2(DABCO)was investigated for its poten-
tial in gas sorption. Using BET theory (Brauner-Emmet-Teller) for N2 adsorption
the inner surface of this MOF was estimated to be 1450 m2 s−1. It was further
investigated as a model system to undestand interplay of different factors (like
pore size, heat of adsorption, open metal sites, electrostatics, and ligand func-
tionalization) upon adsorption of CO2, CO, and N2 [17].
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Figure 1.3: Example of the Zn2(BDC)2(DABCO) structure restricted to 2×2×2 unit
cells. The left figure shows a view along the channels. On the right side there is a view
through the windows between the channels.

DMOF-1 was investigated for its potential to serve as a hydrogen storage
[18, 19]. The material has shown capability to store about 2 weight percent of
hydrogen at 1 bar and a room temperature. Though the value is not negligible,
higher values were reported for other MOFs (3,6 % for Cu3(BTC)2 and 4,7 % for
MOF-5) [20].

Investigations of Senkovska and Kaskel [21] revealed high adsorption capacity
of Zn2(BDC)2(DABCO) for methane. Subsequent research of CO2 and CO2/CH4

mixtures adsorbed in Zn2(BDC)2(DABCO) revealed a high adsorption capacity
as well as selectivity for CO2[22, 23]. This study also revealed some resistance of
Zn2(BDC)2(DABCO) against humidity. As proved by [24], it can be improved by
functionalization of the linkers. Interpentration of MOF crystals into each other
is another factor leading to an increased stability of DMOF-1 against humidity
[25]. Tan and coworkers provided detailed description of the decomposition due
to replacement of linkers by water molecules [26]. At lower loading, the struc-
tures remain intact. At higher loading, due to water condensation, the structures
decomposes due to reaction of water with the paddle-wheel metal cluster.

Kim and coworkers investigated adsorbed methane using X-ray crystallogra-
phy at low temperatures. Methane molecules tend to stay in 3 different types
of adsorption sites [27]. Most of the adsorbed molecules occupy adsorption site
located in the corners of DMOF-1 cavities, between the zinc atoms and the cen-
ter of the cavity. Kim et al. marked this adsorption site as A. There is another
adsorption site for methane called B in front of the windows. The least populated
adsorption site C was located in the center of DMOF-1 cavity. Mishra and his
coworkers studied adsorption of other lower alkanes [28]. For linear adsorbates
Type-I isotherm were observed whereas i-C4H10 had shown Type-IV shape at 294
K.
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1.3 CO2 adsorption in DMOF-1

According to the results of Liang et al. [22, 29] there is no breathing-effect up-
on adsorption of CO2 or methane in Zn2(BDC)2(DABCO). Functionalization of
the BDC-linkers has a significant impact on CO2 adsorption capacity of DMOF-
1 [30, 31, 32]. It can result into breathing-effect also upon adsorption of CO2

[33, 34]. Burtch et al. [35] provided simulations of CO2 distribution within the
MOF at 0 K and 298 K. Based on their calculation CO2 tends to stay in the cor-
ners of the cavity. Unlike the methane, a single molecule of CO2 was effectively
attached to both zinc coordination centres in the paddle-wheel.

Figure 1.4: Area with highest probability density of finding center-of-mass of CO2

molecules. Left figure shows the view along the channel direction, right figure shows
the view perpendicular to it.

The confirmation of this theoretical result by NMR data was one of the major
tasks for this thesis. Figure 1.4 shows the areas with highest probability density
of finding the center-of-mass of CO2 molecules. These data were calculated by
MD simulations by our cooperation partners of Ruhr University Bochum (group
of R. Schmid).

Figure 1.5: Global energy minimum of CO2 molecule inside Zn2(BDC)2(DABCO).
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They calculated the energy optimized position of CO2 in DMOF-1. Its global
minimum can be found in proximity to zinc atoms of the paddle-wheel (see Fig.
1.5). The minimum corresponds to the adsorption site A for the methane men-
tioned in [27]. The rotational axis of the CO2 molecule in the minimum is slightly
deviated from the channel direction. Our coworkers found that the adsorption
energy of the molecule i.e. binding energy of 32.8 kJ/mol results mainly from
van-der-Waals interaction (22.1 kJ/mol) and from electrostatic interaction (10.7
kJ/mol) between the CO2 molecule and the MOF lattice.

Figure 1.6: Second energy minimum of CO2 molecule inside Zn2(BDC)2(DABCO).

A further result of these MD simulations is that there is another energetic
minimum which is located in front of the windows (see Fig. 1.6). The molecular
axis of a CO2 molecule in that minimum is oriented perpendicular to the channel
direction. This energetic minimum for CO2 almost perfectly corresponds to the
adsorption site B for methane. With a theoretically predicted binding energy of
only 25.1 kJ/mol it will be populated by only about 5 % at room temperature.

No analogue to the methane adsorption site C was found for CO2 adsorption
in the statistical analysis of our MD simulations. Still its presence cannot be
completely excluded because the study was carried out only for low loadings of
CO2(up to 2 CO2 molecules per unit cell).

1.4 Review of research on DMOF-1
An industrial application of DMOF-1 would require creation of membranes

on surface of some more stable porous material. Porous alumina and silica were
successufully covered with DMOF-1 by Zacher et al. [37]. Membrane growth was
compared for DMOF-1 and MOF [Cu3(btc)2]. Growth of [Cu3(btc)2] took place
only on alumina. DMOF-1 showed no surface selectivity.

Wang and his coworkers provided an interesting example of post-synthetical
modification of functionalized Zn2(BDC)2(DABCO) on golden substrate [38]. They
used [Zn2(N3-bdc)2] MOF as base for strain-promoted azide-alkyne cycloaddition.
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Figure 1.7: Adsorption isotherm of CO2 in Zn2(BDC)2(DABCO) measured at 25 ◦C
[36].

After optimization, the conversion yields of nearly 100% were achieved.

DMOF-1 is potentially usable to separate isomers of hexane [39] and xylene
[40, 41] due to its different adsorption capacity. DMOF-1 showed good selectivity
for different isomers of hexane but relative bad for xylene. Analysis of adsorption
isoterms revelead 2 adsorption sites for xylene isomers in DMOF-1 [41]. Kang and
his coworkers succesfully covered porous SiO2 by DMOF-1 in order to utilize its
separation capabilities [42] for xylene isomers. The dynamics of other mixtures
was also studied theoretically by Krishna et al. [43] discuss general properties
of binary mixture diffusion in micro- and mesoporous materials with DMOF-1
serving as one of the model systems. Later, in [44] Krishna et al. discuss mix-
tures of CO2, CH4 and CO in DMOF-1, [Cu3(btc)2], MIL-101 and NaX zeolite.
DMOF-1 shows poorer ability to capture CO2 in comparison to [Cu3(btc)2] but
better comparing to MIL-101.

1H solid state NMR spectra were used to investigate reorientational mobil-
ity of DABCO-linkers [45]. The authors calculated the effect of dipole-dipole
interaction and compared it with the experimental broadening of spectral lines.
The spectral measurements confirm high rotational mobility of DABCO linker in
DMOF-1. According to the results, the reorientation frequency exceeds 5 · 104
s−1 even at 80 K. The activation energy of DABCO reorientation was estimated
to be lower than 12 kJ/mol. This is significantly lower comparing to 29 kJ/mol
which was estimated for reorientation energy measured for free triethyldiamine
[46] (triethyldiamine corresponds to H2DABCO).
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Analogues of DMOF-1 can be created by replacing of the zinc with other met-
als or changing the linkers. Klein and coworkers synthesized Ni2(NDC)2DABCO
[47]. The material showed structural changes after adsorption of CO2. Ad-
sorption of n-butane resulted into color change (from yellow to green). The
group synthesized couple samples of Zn2(NDC)2DABCO, Ni2(NDC)2DABCO,
Co2(NDC)2DABCO and Cu2(NDC)2DABCO[48]. They have similiar but differ-
ent properties with respect hydrogen or methane adsorption. While Ni and Co
MOFs show significant -effect upon adsorption of CO2, there is no such effect
after CO2 adsorption in Zn and Cu analogues.

Some researchers synthesised hybrid structures where part of the Zn-atoms
were replaced by Cu [49]. The structural properties of the resulting materi-
als corresponded to continuous transition between from Zn2(NDC)2DABCO to
Cu2(NDC)2DABCO.

DMOF-1 is not the only structure which can be synthesized from BDC, DAB-
CO and zinc. There is a trigonal polymorph of DMOF-1 [50] that can be created
simply by changing of the crystalization temperature [51]. Higher temperature of
120 ◦C resulted into formation of normal DMOF-1, while temperature of 25 ◦C
results int formation the trigonal structure.

Some authors also tried to use DMOF-1 as precursor in other sythetic pro-
cesses. E.g. ZnO nanoparticacles can be synthetised by calcination of DMOF-1
[52].
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2. Theory of nuclear magnetic
resonance

This chapter summarizes basics of nuclear magnetic resonance. It is not in-
tended to comprehensively describe the whole theory but rather to define con-
ventions used later in the text. All the vectors as well as tensors will be denoted
using bold and italic characters (like e.g. BBB).

2.1 Zeeman interaction
The phenomenon of nuclear magnetic resonance (abbrev. NMR) is a result of

interaction between nuclear magnetic dipole moment µµµ and an external magnetic
field BBB. Its contribution to the Hamiltonian is given by

Ĥ = −µµµ̂ ·BBB (2.1)

The nuclear magnetic dipolar moment µµµ is intrinsically coupled to the vector
of the nuclear spin ÎÎÎ. The γ-factor (also called the magnetogyric ratio) is an
isotope-specific constant.

µµµ̂ = γℏIIÎ (2.2)

Common part of contemporary NMR experiments is a strong static and ho-
mogenous magnetic field (in order of units of tesla). The interaction between the
nuclear magnetic dipole and the static field is called the Zeeman effect. Conven-
tionally the static magnetic field is assumed to be oriented along the z -axis of
laboratory framework. Thus, its flux density BBB0 may be written as

BBB0 = (0, 0, B0) (2.3)

The operator Îz has generally 2I + 1 eigenstates denoted |I,M⟩. The eigen-
states are characterized by the spin quantum number I and magnetic quantum
number M . Only nuclei with 1

2
-spin shall be discussed in this work. Thus Îz and

the Hamiltonian ĤZ have the following eigenstates

|↑⟩ =
⃓⃓⃓⃓
1

2
,−1

2

⟩︃
(2.4a)

|↓⟩ =
⃓⃓⃓⃓
1

2
,−1

2

⟩︃
(2.4b)

Because of the nature of quantum mechanics, any superposition of the 2 states
can be a state |ψ⟩ of the system.

|ψ⟩ = c↑ |↑⟩+ c↓ |↓⟩ (2.5)

The factors c↑ and c↓ are time-dependent complex numbers. Periodical changes
of their phase factors results into oscillations of a expectation value of operators
Îx or Îy, respectively. The process is the quantum mechanical equivalent of the
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classical Larmor precession. The corresponding frequency is denoted as the Lar-
mor frequency. The angular Larmor frequency is

ωωω0 = −γBBB0 (2.6)

2.1.1 Spin density operator

NMR experiments investigate large amounts of weakly coupled nuclei. To
describe such an ensemble the spin density operator is introduced. It is given as

ρ̂ =
1

N

N∑︂
j=1

|ψj⟩ ⟨ψj| (2.7)

where N is a number of spins in the ensemble. A common representation of spin
density operator is density matrix :

ρ̂ =

(︃
ρ↑↑ ρ↑↓
ρ↓↑ ρ↓↓

)︃
=

(︃
c↑c∗↑ c↑c∗↓
c↓c∗↑ c↓c∗↓

)︃
(2.8)

The overline reprents an average over the ensemble. The density matrix enables
to estimate the expectation value for any operator Â as

⟨Â⟩ = Tr
(︂
ρ̂Â
)︂

(2.9)

In a thermal equilibrium the density matrix obeys the Boltzmann distribution

ρ̂eq =
exp

(︂
− Ĥ
kBT

)︂
Tr
(︂
exp

(︂
− Ĥ
kBT

)︂)︂ (2.10)

Since the Zeeman energy is usually much smaller compared to thermal energy
kBT , equation 2.10 can be linearized and rewritten as

ρ̂eq =

(︃
1
2
+ 1

4
B 0

0 1
2
− 1

4
B

)︃
(2.11)

where B denotes Boltzmann factor defined as

B =
γℏB0

kBT
(2.12)

The resulting magnetization can be expressed as

Mx =
4

B
Re ρ↓↑ (2.13a)

My =
4

B
Im ρ↓↑ (2.13b)

Mz =
2

B
(ρ↑↑ − ρ↓↓) (2.13c)

The magnetization defined in this way is dimensionless. The definition that will
be used in this work operates only with relative value of magnetization. For a
positive value of γ-factor the magnetization vector tends to be oriented along the
direction of static magnetic field.
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2.1.2 Bloch equations

After a perturbation the spin system gradually drifts towards the thermal
equilibrium. The phenomenological approach to the spin relaxation describes the
dynamics of the magnetization in terms of (Bloch-Torrey equation)1

dMMM

dt
= γ (MMM ×BBB)− Mxiii+Myjjj

T2
− (Mz −M0)kkk

T1
+▽ · (DDD▽MMM) (2.14)

The vectors iii, jjj and kkk are unit vectors in the directions of x-, y- and z-axis re-
spectively.

The equation 2.14 describes time evolution of the magnetization vector. Re-
laxation to the thermal equilibrium is phenomenologically characterized by the
longitudinal relaxation time T1 and the transverse relaxation time T2. The trans-
lational motion of the nuclear dipoles is characterized by the diffusion tensor DDD.
The relaxation rates R1 and R2 are defined as reciprocal to T1 or T2, respectively.

Contemporary NMR experiments consist of a sequence of radiofrequency puls-
es followed by the acquisition of the NMR signal induced by changes of the
magnetization vector. The signal is analyzed using discrete Fourier transform to
obtain the NMR spectrum and thus the Larmor frequencies of the nuclei present
in the sample.

The radiofrequency pulses are created using an oscillation circuit. Their effect
can be understood as an additional time-dependent field BBB1. The motion is most
easily described in a frame rotating around the direction of BBB0 with an angular
frequency ωωω. When ω → ω0, the motion of the magnetization vector can be de-
scribed as a precession around the direction of BBB1, which appears to be static in
the rotating frame. The axes of the rotating frame are denoted x′, y′ and z′.

In a common setup BBB1 is perpendicular to the BBB0. The r.f. pulses are char-
acterized using the direction of BBB1 in rotating frame (e.g. x′- or y′-axis) and the
flipping angle (e.g. π

2
- or π-pulse).

The common way to estimate T1 is a measurement of the inversion recovery.
After being inverted using an initial π radio-frequency pulse the magnetization
recovers according to an equation

Mz (t) =M0

(︃
1− 2 · exp

(︃
− t

T1

)︃)︃
(2.15)

The time evolution of the transverse components of magnetization vector after π
2

radio-frequency pulse is expressed as

Mx =M0 · exp
(︃
− t

T2

)︃
(2.16)

1Bloch-Torrey equation is only relevant in case of Brownian diffusion. In case of sub-diffusion
or super-diffusion the macroscopic approach based on magnetization fails and spins must be
treated independently. A theory discussing this problem is provided e.g. in [53]
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2.1.3 Pulsed field gradient diffusion measurment

Inhomogeneous magnetic fields are used to label position of spins in the sam-
ple. It is applied in a form of short pulses. Thus the method is called pulsed field
gradient NMR (PFG NMR). In the common setup, the field has z-axis direction

BBBIH (x, y, z, t) = (0, 0, BIH (x, y, z, t)) (2.17)

Coils used to generate the inhomogeneous field are designed to create a field with
spatially constant gradient GGG.

GGG (t) = ▽BIH (t) (2.18)

Application of such BBBIH results into a spatial dependence of precession phase.
Concerning Eq. 2.6 the phase change due to inhomogeneous field can be obtained
by time integration of the difference in Larmor frequencies

ϕ (rrr, t)− ϕ (000, t) =

∫︂ t

0

(ω (rrr, t)− ω (000, t)) dt (2.19)

If we assume the precession phase to be equal to ϕ0 in the whole sample at t = 0
we can express its actual value due to the spatial uniformity of GGG as

ϕ (rrr, t) = ϕ0 − γ

∫︂ t

0

GGG (t) · rrr dt (2.20)

Assuming the absolute value of transverse magnetization M⊥ being constant over
the sample, we can write its components as

Mx =M⊥ (t) cos (ω0t+ ϕ (rrr, t)) (2.21a)
My =M⊥ (t) sin (ω0t+ ϕ (rrr, t)) . (2.21b)

Including Eq. 2.21 into Eq. 2.14 eliminates the spatial dependence

dMMM

dt
= γ (MMM ×BBB)− Mxiii+Myjjj

T2
− (Mz −M0)kkk

T1
−
(︁
gggTDDDggg

)︁
MMM. (2.22)

where we used the following substitution

ggg (t) = −γ
∫︂ t

0

GGG (t) dt. (2.23)

Eq. 2.22 is ordinary differential equation resulting into exponential decay of
magnetization

M (t) ∼ exp

(︃
−
∫︂ t

0

gggTDDDggg dt

)︃
(2.24)

In most of the experiments GGG has always the same direction. For this cases we
define the b-value to quantify the diffusion decay

b =

∫︂ t

0

ggg (t) · ggg (t) dt (2.25)

Radiofrequency pulses also affect the phase of the Larmor precession. The changes
must be reflected in the calculation of the effective gradient. Exact formulas for
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most common pulse sequences and shapes of gradient pulses can be found in lit-
erature [53, 54].

Common PFG experiment consists of two gradient pulses. The first pulse
dephases the magnetization. The second pulse is applied to rephase the magne-
tization after expiration of the observation time. Finally, a spin echo signal is
acquired. The whole experiment is usually repeated with variable b-values which
is done by changing the gradient amplitude (g), its width (δ) or their distance
(∆ - observation time). For isotropic unrestricted self-diffusion the observed spin
echo NMR signal amplitude is given by

s (b) = s (0) · e−bD (2.26)

s (0) corresponds to the signal amplitude without application of gradient pulses.
The measured diffusion coefficient D is the projection of diffusion tensor into
gradient direction.

This approach is straightforward in case of isotropic and homogeneous sam-
ples. Diffusion measurements in a sample with a powder of anisotropic particles
results in a different shape of the spin echo attenuation since signals from differ-
ently oriented particles decay differently. Callaghan et al. [55] assumed uniform
distribution of crystal orientations and concluded

s (b) =
s (0)

2

∫︂ π

0

e−b(D∥ cos2 Θ+D⊥ sin2 Θ) dΘ (2.27)

The integral has no exact solution unless using an error function.
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2.2 Interactions of 13C nuclear spins in CO2

Apart of investigated nuclei a sample consist of a large number of electrons
and another nuclei. They are sources of additional magnetic fields affecting the
Larmor frequency. They affect both the spectrum and the relaxation times. In
order to describe the system one can use the Hamiltonian with Zeeman interac-
tion. The interactions with the other nuclei and electrons can be considered as
perturbations.

Only 13C NMR of 13CO2 will be discussed in this work. The overall spin
Hamiltonian can be written as a following sum of contributions given by the
individual interactions.

Ĥ = ĤZ + ĤCS +
∑︂
S

ĤDD + ĤSR (2.28)

ĤZ denotes the interaction with static field generated by NMR spectrometer.
ĤCS represents the contribution of the (intra-molecular) chemical shift. In gen-
eral, the chemical shift has an inter-molecular and an intra-molecular part. The
inter-molecular contribution was neglected in this work due to weak chemical in-
teraction between adsorbed CO2 and Zn2(BDC)2(DABCO). ĤDD refers to direct
magnetic dipole-dipole interaction with the other nuclei in the system. The sum
represents summing over all nuclei present in the system. ĤSR represents the
coupling between the spin and the rotational state of the CO2 molecule.

2.2.1 Chemical shift

The external magnetic field affects motion of electrons surrounding the nucle-
us. This is a small electric current which results into additional magnetic field
affecting the nuclear spins. The induced magnetic field is generally assumed to
be proportional to the external field but has not necessarily the same direction.
The contribution of this interaction to the Hamiltonian operator can be written
as

ĤCS = γ ÎÎÎ · δδδ ·B0B0B0 (2.29)

The quantity δδδ is called chemical shift tensor. It is a property of the electron
cloud surrounding the particular nucleus. It is a rank-2 cartesian tensor and it
is generally anisotropic. A frame of reference defined by its eigenvectors will be
called principal axis system.

For 13C nucleus of 13CO2 the chemical shift tensor has one principal axis iden-
tical to the molecular axis. The eigenvalue connected to this axis will be denoted
δ∥. The eigenvalues connected to the other 2 axes shall be denoted δ⊥.

Tensors are often expressed using the irreducible representation. Definition
of the irreducible quantities used for the description originates from Haeberlen-
Mehring-Spiess convention [56]. The trace of the chemical shift tensor is an
invariant of any molecular rotation. It will be called isotropic value of the chemical
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tensor and it can be expressed as

δiso =
1

3

(︁
δ∥ + 2δ⊥

)︁
(2.30)

Another component with characteristic transformation properties is the chem-
ical shift anisotropy. For a linear molecule like CO2 it can be expressed as

∆δ = δ∥ − δ⊥ (2.31)

2.2.2 Dipole-dipole interaction

Nuclear magnetic dipoles interact with each other. A contribution of interac-
tion between spins Î and Ŝ to the Hamiltonian can be written as

ĤDD = bIS

(︂
3
(︂
ÎÎÎ · eee

)︂(︂
ŜŜŜ · eee

)︂
−
(︂
ÎÎÎ · ŜŜŜ

)︂)︂
(2.32)

where eee is an unit vector in the direction of the line connecting the two nuclei. The
quantity bIS is called dipolar coupling constant and characterizes the magnitude
of the interaction:

bIS = −µ0γIγSℏ
4πr3IS

(2.33)

rIS represents the distance between the nuclei with spins Î and Ŝ. γI and γS are
their magnetogyric ratios.

2.2.3 Spin-rotation interaction

The motion of electrons and nuclei in a rotating molecule induces an additional
magnetic field. The size of this magnetic field is proportional to the magnitude
of the rotational angular momentum of the molecule ĴĴĴ . The contribution to the
Hamiltonian of single-spin ÎÎÎ is

ĤSR = ÎÎÎ ·CCC · ĴĴĴ (2.34)

The quantity CCC describes the coupling between the rotational motion of the
molecule JJJ and the spin III. It is the rank-2 spin-rotation tensor.

The spin-rotation coupling tensor is most conveniently expressed in its prin-
cipal axis system, fixed to the molecule. The axisymmetrical CO2 molecule has
only two different eigenvalues of the CCC tensor. The eigenvalue connected to the
molecular axis will be denoted C∥. The eigenvalues connected to the other axes
are C⊥. Obviously, for the linear CO2 molecule considered in this work C∥ = 0.
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2.3 Coordinates transformation

The chemical shift tensor and the spin-rotation coupling tensors are most
conveniently expressed in the principal axis system of the molecule. However, an
expression in some other coordinate systems is often needed. A transformation
between the two coordinate systems can be simplified to a sequence of 3 rotations
by Euler angles φ, θ and ψ. For the definition of Euler angles see e.g. [57]. One
can express any tensor A in desired coordinate system as

AD = R (φ, θ, ψ)APAR
−1 (φ, θ, ψ) (2.35)

where APA denotes the tensor in the principal axis system. R (φ, θ, ψ) is the
rotation matrix. The general rotation matrix can be decomposed into matrices
given by Euler angles as following

R (φ, θ, ψ) = RφRθRψ (2.36)

The rotation matrices for Euler rotations have the simple form

Rφ =

⎛⎝ cosφ sinφ 0
− sinφ cosφ 0

0 0 1

⎞⎠ (2.37a)

Rθ =

⎛⎝ cos θ 0 sin θ
0 1 0

− sin θ 0 cos θ

⎞⎠ (2.37b)

Rψ =

⎛⎝ cosψ sinψ 0
− sinψ cosψ 0

0 0 1

⎞⎠ (2.37c)

A very similar approach can be used when expressing a vector x⃗PA given in a
principal axis system in the desired coordinate system

x⃗D = Rx⃗PA (2.38)

The general expression of a tensor using Euler angles may be found in [57]. We
will use simplifications suitable and sufficient for CO2 molecules. The molecule
will be considered rigid and weakly coupled with its environment. The chemical
shift tensor has the following simplified form:

δδδPA = δ⊥

⎛⎝1 0 0
0 1 0
0 0 −2

⎞⎠+ δisoE (2.39)

The expression in other coordinate systems is determined by spherical polar angle
θ and azimuth angle φ defining the CO2 molecular axis. Equation 2.35 can be
expressed as

δδδcr = δ⊥

⎛⎝3 cos2 φ sin2 θ − 1 −3
2
sin 2φ sin2 θ −3

2
cosφ sin 2θ

−3
2
sin 2φ sin2 θ 3 sin2 φ sin2 θ − 1 3

2
sinφ sin 2θ

−3
2
cosφ sin 2θ 3

2
sinφ sin 2θ 3 cos2 θ − 1

⎞⎠+ δisoE (2.40)
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Similarly, the spin-rotation tensor has the following form in the principal axis
system

CCCPA = C⊥

⎛⎝1 0 0
0 1 0
0 0 0

⎞⎠ (2.41)

The transformation to the desired system can be written as

CCCD =
C⊥

3

⎛⎝3 cos2 φ sin2 θ + 1 −3
2
sin 2φ sin2 θ −3

2
cosφ sin 2θ

−3
2
sin 2φ sin2 θ 3 sin2 φ sin2 θ + 1 3

2
sinφ sin 2θ

−3
2
cosφ sin 2θ 3

2
sinφ sin 2θ 3 cos2 θ + 1

⎞⎠ (2.42)
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2.4 Powder spectra
The anisotropy of the nuclear spin interactions mentioned above leads to the

orientation-dependent Hamiltonian Ĥ. The effect is especially important in poly-
crystalline solids. There are nuclei with chemically identical surroundings and
thus the chemical shift tensor. However their position with respect to the exter-
nal field BBB0 varies. To express Ĥ one needs to transform the tensors from the
principal axis frame of reference to the laboratory frame of reference using Eq.
2.35 or the detailed expressions like Eq. 2.40.

In a polycrystalline sample of solid the distribution of molecular orientations
can be assumed to be uniform. The prominence of the BBB0 causes so-called Pake
or powder pattern of the spectrum. An example of a simulated NMR spectrum
from solid 13CO2 powder is shown in Fig. 2.1.

Chemical shift [ppm]

600 400 200 0 −200 −400

|∆δ|
• 

Figure 2.1: Simulated 13C NMR spectrum of static solid 13CO2 powder. The chemical
shift scale is used for frequency axis. Only the chemical shift interaction is taken into
account. The width of the pattern corresponds to the absolute value of the chemical
shift anisotropy |∆δ| = 335 ppm[58]. Molecules with axes oriented perpendicular to the
static field BBB0 form the high peak on the left side of the spectrum. Relaxation processes
are not taken into account. The spectrum was simulated using the SIMPSON simulation
package [59] with an isotropic value of the chemical shift tensor of δiso = 124 ppm.
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2.5 Motion
CO2 within Zn2(BDC)2(DABCO) samples various chemical environments,

thus the Hamiltonian 2.28 results into various resonance frequencies. Changes
of the environment manifest themself in the spectrum.

Let us assume we have a nucleus exchanging between two different chemical
environments characterized by difference in resonance frequencies ∆ω0. Let us
assume that the transition probabilities are equal in both ways. The average
residence time in each state will be denoted τ . The motion can be described as
slow chemical exchange when

∆ω0τ ≫ 1 (2.43)

Under the condition of slow chemical exchange, the influence of motion on the
spectrum can be neglected. However, NMR measurements of relaxation times or
diffusion can be still affected.

The motion will be called fast chemical exchange if following condition is
fulfilled:

∆ω0τ ≪ 1 (2.44)

In this case, the motionally averaged Hamiltonian ⟨Ĥ⟩ takes the places of the
Hamiltonian Ĥ. Let us assume integration over sufficiently long averaging time
T

⟨Ĥ⟩ = 1

T

∫︂ T

0

Ĥ (t) dt (2.45)

The motionally averaged Hamiltonian plays the same role in spectral lineshapes
as the ordinary spin Hamiltonian in immobile systems.

The main interaction affecting the resonance frequency (except of Zeeman) is
the chemical shift. The inter-molecular chemical shift interaction can be neglected
because of the small CO2 adsorption heat. Hence, the main source of magnetic
field fluctuations are changes of molecular orientation. The influence of motion on
the chemical environment will be considered in comparison with the differences
of Larmor frequencies |∆ω|. The condition for slow chemical exchange can be
rewritten as

|∆ω| · τ ≫ 1 (2.46)

while the fast exchange must fulfill

|∆ω| · τ ≪ 1 (2.47)

For an easier description of the motionally averaged Hamiltonian, we will intro-
duce the residual chemical shift tensor as

⟨δδδ⟩ = 1

T

∫︂ T

0

δδδ (t) dt (2.48)

Because the motion follows the symmetry of crystal structure, the most natural
coordinate frame for expressing of ⟨δδδ⟩ is the crystal coordinate system. In order
to get the expression in the crystal frame ⟨δδδCR⟩ one can use Eq. 2.35.
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For sufficiently long time interval T we can assume an equivalency between
time averaging and averaging over various orientation given by orientation prob-
ability density p(φ, θ). The quantity is constant for all values of φ, ϑ for uniform
distribution of orientation. It must fulfill the following normalization condition

1 =

∫︂ 2π

0

∫︂ π

0

p(φ, θ) · sin θ dφ dθ (2.49)

The integration can be written as

⟨δδδCR⟩ =
∫︂ 2π

0

∫︂ π

0

δδδCR(φ, θ) · p(φ, θ) · sin θ dφ dθ (2.50)

The MOF Zn2(BDC)2(DABCO) has C4 symmetry. Hence the residual chem-
ical shift tensor ⟨δδδ⟩ will have the same symmetry. It must have 1 principal axis
aligned with the direction of crystal channel and it has to be uni-axial. We will
denote the value corresponding to channel direction ⟨δ∥⟩. The eigenvalue corre-
sponding to the perpendicular direction will be denoted ⟨δ⊥⟩. In analogy with
Eq. 2.31 we will define the residual chemical shift anisotropy as

⟨∆δ⟩ = ⟨δ∥⟩ − ⟨δ⊥⟩ (2.51)

The quantity can be obtained from a powder spectrum by fitting with the Pake
pattern. The meaning is analogous to the chemical shift anisotropy in the static
case (see Fig. 2.1). The dimensionless order parameter defined as following

S =
⟨∆δ⟩
∆δ

(2.52)

will be used. The order parameter can have any value between −1
2

and 1. The
maximal value of 1 corresponds to the motion where the CO2 molecular axis
stays always oriented in one direction. The minimal value of −1

2
results from any

motion where the CO2 molecular axis samples the directions uniformly within a
single plane. A value of S = 0 corresponds to different types of motions of the
molecular axis e.g. uniform sampling of all direction or a precession with the
magic angle around an axis. The magic angle is arccos 1√

3
≈ 54.7◦.

Concerning Eq. 2.48 one has to realize that there is no exact way how to
reconstruct the motional trajectory from the measured order parameter. There
are always infinite amounts of trajectories which can fit to the measured value
of S. However, using Eq. 2.48 one can verify a trajectory calculated e.g. by
molecular dynamics.
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2.6 Diffusion tensor
Nuclear magnetic resonance is a very useful tool to measure translational mo-

tion. It enables diffusion studies of molecules under macroscopic equilibrium by
following the time dependence of their mean square displacement. The character-
istic parameter of such a Brownian motion is the self-diffusion coefficient, which
may be defined by using the generalized Einstein relation

⟨∆ri∆rj⟩ = Dijt (2.53)

∆ri refer to displacements ∆rx, ∆ry and ∆rz in the direction of x-,y- and z-axis.
⟨∆ri∆rj⟩ denotes the averaging over an ensemble of molecules. t is called diffu-
sion time or observation time respectively. To express the fact that self-diffusion
can be faster in some direction, the diffusion tensor DDD is introduced. The symbol
Dij refers to its components.

It is referred to the trace of diffusion tensor TrD as averaged diffusion co-
efficient or simply diffusion coefficient. The total mean square displacement is
proportional to diffusion time as given by

⟨r⃗ · r⃗⟩ = 6Tr (D) t (2.54)

Due to the C4 symmetry of Zn2(BDC)2(DABCO) also the diffusion tensor
must have a principal axis aligned with crystal channels and it has to be uni-
axial. Unlike the chemical shift tensor, the diffusion tensor has isotropic value
equal to zero. The component corresponding to diffusion along the channels will
be denoted D∥. The other eigenvalue will be denoted D⊥. We will define the
diffusion anisotropy as

η =
D∥

D⊥
(2.55)
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2.7 Calculation of longitudinal relaxation time
The calculation of relaxation rates in this work are based on the semi-classical

Redfield theory. A general introduction as well as its derivation from Lioville-von
Neumann equation can be found e.g. in [60]. In the non-stationary perturbation
theory the Hamiltonian is the sum of the time-independent unperturbed part Ĥ0

and the time-dependent perturbance Ĥ1 (t)

Ĥ = Ĥ0 + Ĥ1 (t) (2.56)

Redfield assumed motions in the surrounding (the “lattice” or the “bath”) to be
fast comparing to timescale of the perturbation |H1τ | << 1.

The time-evolution of the density matrix can be written using the relaxation
supermatrix Rαα′ββ′ as following

dραα′

dt
=
∑︂
β,β′

Rαα′ββ′ ·
(︂
ρββ′ − (ρeq)ββ′

)︂
· ei(ωα−ωα′−ωβ+ωβ′)t. (2.57)

(ρeq)ββ′ refers to components of the equilibrium magnetization density matrix ρeq.
The frequencies ωα, ωβ, ωα′ and ωβ′ represent frequencies of time evolution of the
given states. The components of the relaxation matrix can be calculated from
the spectral density of the autocorrelation function J

Rαα′ββ′ =
1

2
Jαβα′β′ (ωα′ − ωβ′) +

1

2
Jαβα′β′ (ωα − ωβ)+

−1

2
δα′β′

∑︂
γ

Jγβγα (ωγ − ωβ)−
1

2
δαβ
∑︂
γ

Jγα′γβ′ (ωγ − ωβ′) (2.58)

The spectral density is the result of the Fourier transformation of the autocorre-
lation function:

Jαα′ββ′ (ω) = 2

∞∫︂
0

⟨α| Ĥ1 (t+ τ) |α′⟩ ⟨β′| Ĥ1 (t) |β⟩e−iωτdτ (2.59)

The overline represents the time-averaging over sufficiently long time.
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3. Experimental details

3.1 DMOF-1 synthesis and sample preparation for
experimental NMR studies

3.1.1 MOF synthesis

Raw Zn2(BDC)2(DABCO) crystals which were used for measurements in this
work were synthesized by our cooperation partners from Ruhr University Bochum.
The synthesis followed this procedure:

Zn(NO3)2 · 6 H2O(1.0 g; 3.36 mmol), benzene-dicarboxylic acid (0.560 g, 3.37
mmol) and DABCO (0.187 g, 1.67 mmol) were placed in a 100 ml beaker and
dissolved in 40 ml of diethylformamide (DEF). The solution was sonicated for 10
minutes and subsequently resulting precipitate was filtered off. The precipitate
was sealed in a screw jar with a Teflon cap and then heated for 48 h at 120 oC.
Heating resulted into formation of small clear block crystals. After slow cooling to
room temperature the DEF was replaced with DMF in order to remove remaining
inorganic impurities. Subsequently the DMF was substituted with chloroform.
Cleaning with chloroform was repeated every day for one week. The solvent was
thereafter decanted and the MOF crystals were moved to a Schlenk flask which
was put to an oil bath. The bath was warmed only to 60 oC in order to prevent
cracking of crystals. The material was exposed to a constant flow of argon gas
for 3 hours in order to remove the solvent. The material was kept under argon
atmosphere until the sample preparation for NMR studies.

Zn2(BDC)2(DABCO) crystals synthesized for the experiments in this work
had size in order of tens to hundreds of micrometers. A micrograph of some
typical crystals can be seen at fig. 3.1.

3.1.2 Preparation of DMOF-1 samples loaded with CO2 for
NMR studies

The amount of Zn2(BDC)2(DABCO) material for NMR sample preparation
was determined by weighting. The material was introduced into a glass tube of
given diameter. Subsequently, the sample was attached to a home-built vacu-
um system. The sample was activated by heating under vacuum at temperature
of 400K for at least 24 hours to remove any residual solvents, air or moisture.
Gaseous 13CO2 was condensed into the NMR glass tubes using liquid nitrogen.
The amount of CO2 needed to achieve desired concentrations of the carbon diox-
ide of 1.3 or 2.0 per unit cell molecules was calculated by use of ideal gas law. The
amount of the gas was set by adjusting of the pressure in a system with known
volume (50 ml). Finally, the sample tubes were flame-sealed. The sample was
stored for at least 24 hours at room temperature prior to the NMR measurement
in order to reach internal equilibrium.

29



O 1 O 20 3 0 LO 5 0 6 0 70 80 90 1 O O 

l1111l1111l1111l1111l11 IJ.11111. ,I 1.!11 I i!IIIII li li i lil ljlllll I 11il1111l11HI li I 
• 

Figure 3.1: Optical micrograph of Zn2(BDC)2(DABCO) crystals using magnification
10x. 1 tick on the scale represents 10 µm.

Carbon dioxide for sample preparation was purchased from Sigma Aldrich. It
was enriched to 90 % concentration of 13CO2.

Two samples were prepared for the static spectroscopic and diffusometric mea-
surement. The samples were prepared in glass tubes with an outer diameter of
7.5 mm. For the MAS NMR spectroscopy a third sample was prepared in a glass
tube with an outer diameter of 3.5 mm. There were two additional high-pressured
samples prepared for the anomalous diffusion test in glass tubes with outer di-
ameter 10 mm. List of all samples can be found in tab 3.1.

3.2 Key parameters of the 13C NMR studies

3.2.1 Measurement of residual chemical shift tensor

The residual chemical tensor anisotropy ⟨∆δ⟩ was measured indirectly by eval-
uating of 13C spectral line shapes. Temperature dependent measurements were
carried out on Bruker Avance NMR spectrometers with 13C Larmor frequency of
75.47MHz using samples 1 and 2 (see tab. 3.1). The spectra were measured by
means pulse sequence with a single π

2
pulse followed by signal acquisition. The

pulse length was set to 11 µs. There was a dead time of 6 µs between pulse and
signal acquisition. The shortest inverse line-width of the 13C powder patterns
corresponds to ca. 120 µs. No major distortions on the shape of the spectrum
are expected by the chosen dead time prior to signal acquisition.

The signal was sampled in 1µs time steps. 256 scans were used to increase
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List of samples
# Outer diameter Loading Purpose

[mm] [CO2 per u.c.]

1 7.5 1.3 residual chemical shift
tensor, diffusion coefficient

2 7.5 2.0 residual chemical shift
tensor, diffusion coefficient

3 3.5 1.3 MAS spectroscopy

4 10 ca. 3 - 4 test for anomalous diffusion

5 10 ca. 3 - 4 test for anomalous diffusion

Table 3.1: List of all DMOF-1 samples used in this work.

signal-to-noise ratio. After each scan there was a 3 second repetition delay time
in order to let the magnetization relax into thermal equilibrium. Because the
longitudinal relaxation time T1 of 13C of the adsorbed CO2 was approximately
1.3 s, this repetition time resulted into the recovery to ca. 90 % of the thermally
equilibrated magnetization.

The signal was evaluated using the MatNMR plugin for MATLAB [61]. The
same tool was used also for fitting of the spectra with powder pattern. The fits
were always restricted to the case of an axisymmetrical chemical shift tensor, so
that two main components of chemical shift tensor were equal.

Magic angle spinning 13C experiments were run on another Bruker Avance
NMR spectrometer with 13C frequency equal to 100.63MHz using sample 3. The
MAS spinning frequency was 5 kHz. The pulse length was set to 34 µs. There
was a dead time of 28 µs between pulse and signal acquisition.

3.2.2 NMR measurements of self-diffusion

PFG NMR measurement of self-diffusion coefficient were carried out using a
home-built NMR spectrometer FEGRIS FT created at University Leipzig. It op-
erates at a 13C Larmor frequency of 100.63MHz. It is equipped with a z-gradient
system capable of generating short very intensive field gradient pulses up to 37
T/m [54, 62]. The radio-frequency pulse sequence used for the measurement was
the stimulated spin echo (see Fig. 3.2). The pulsed field gradients were unipolar
and with a small read gradient applied during the encoding interval as well as
during acquisition of signal (see [54]). Because of the the detection of the signal
in the presence of a small constant read gradient the signal was not spectrally
resolved. The diffusion time ∆ was adjusted to 10 ms. The gradient pulse length
was δg = 0.3 ms. The amplitude of the gradients g was step-wise varied between
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0 and 14T ·m−1. The corresponding b-value was 5.8 · 108 s ·m−2. For the investi-
gated samples (no. 1 and 2, see tab. 3.1) these relatively small gradients turned
out to be sufficient to attenuate the spin echo NMR amplitude by at least an
order of magnitude. The signal decay with growing gradient amplitude was fitted
using Eq. 2.26.
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Figure 3.2: Schematic of stimulated echo pulse field gradient sequence. Upper time
axis contains radiofrequency pusles marked with simple black bars. Lower time axis
contains gradient field pulses.

The test for anomalous diffusion was a set of subsequent diffusion measure-
ments for diffusion time 10 ms, 20 ms and 40 ms, respectively, at 300 K.

3.2.3 Diffusion anisotropy

The measurements of diffusion decay with spectral resolution were carried
out using Bruker Avance 400 NMR spectrometer with 13C frequency equal to
100.63MHz. A standard micro-imaging probe was used for the NMR diffusion
measurements. The radiofrequency pulse length was set to 30 µs. There was a
dead time of 4.5 µs between pulse and signal acquisition. The field gradient was
applied in the x−axis direction of the micro-imaging system. This direction cor-
responds to a direction perpendicular to the axisymmetrical NMR sample tube.
The measurements were based on the stimulated spin echo pulse sequence with
the diffusion time equal to ∆ = 45 ms. The time dependence of field gradient
pulse amplitude was sine-shaped with effective length of 1 ms. The gradient am-
plitude was increased linearly up to 1.5T ·m−1. The corresponding maximum
b-value was 4.5 ·108 s ·m−2. It is thus comparable to the z-gradient applied in the
non-spectrally resolved NMR diffusion studies with the same sample described
above.
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3.3 MD simulation

3.3.1 Trajectory calculation

Molecular dynamic simulation was run by Computational Materials Chem-
istry research group at Ruhr-University Bochum. Key information on details of
the simulations are given in the next paragraph. More details on this MD runs
of CO2in DMOF-1 may be found in [63]. The trajectories of the CO2 motion
in DMOF-1 were provided by our partners to us. From these trajectories we
extracted the 13C residual chemical shift anistropy, the CO2 diffusion coefficient
and the magnetization relaxation rates using an C++ code developed within this
thesis project.

The MD experiment were run with 35 or 54 CO2 molecules inserted into a
supercell of 3×3×3 of Zn2(BDC)2(DABCO)unit cells representing loading of 1.3
or 2 molecules per u.c. The MOF lattice was described by the fully flexible force
field MOF-FF [63]. Additional parameters describing the CO2 are given in table
3.2. The MD simulations have been performed with pydlpoly code [64] developed
at Ruhr Univeristy Bochum. The simulation was run as an NVT ensemble at a
temperature of 298K with 1 fs time steps using a velocity Verlet integrator and
a Nose-Hoover thermostat. At the beginning of the simulation the system was
thermally equilibrated for 0.3 ns. After that, the CO2 coordinates were recorded
for 3 ns with a sampling rate of 0.1 ps.

Molecular dynamics computer simulation data are available for comparison
with NMR measurements on timescale from 10−13 to 10−9 s. The above men-
tioned C++ code was used to calculate NMR data. It is one of the main ideas
of this thesis to compare the predicted NMR data with the experimental results
to gain substantial insight into the dynamics of adsorbed CO2 in DMOF-1.

Bonding parameters
Atom types reference force constant

C-O 1.168 Å 15.0 mdyn
O-C-O 180.0o 0.75 mdyn/rad2

Non-bonding parameters
dij ϵij

CV dW 1.547 0.056
OV dW 1.702 0.16

qi εi
CCoulb 0.70 1.163
OCoulb -0.35 1.118

Table 3.2: Additional set of force field parameters for CO2
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3.3.2 Probability density of orientation

At first, the probability density of orientation of the CO2 molecules in DMOF-
1 was calculated from the trajectories provided by molecular dynamics simulation.
The orientation of the intramolcular oxygen-oxygen vector was used to charac-
terize the orientation of the molecule since it is parallel to the symmetry axis of
the CO2 molecule in its ground state. For each single molecule and each single
time frame the orientation of the oxygen-oxygen vector was then extracted from
the trajectories. The position of carbon nucleus was not taken into account. The
orientation was directly recalculated into a contribution to the residual chemical
shift tensor using Eq. 2.40. For the purpose of computing the probability density
distribution of the CO2 molecular orientation in the DMOF-1 channels from the
trajectories, the θ angle spanning between 0 and 180o was divided into 30 equal
intervals of 6o width.

3.3.3 Calculation of diffusion tensor

The diffusion tensor was calculated from the MD trajectories as well. The
center of mass of the CO2 molecule was calculated for each molecular position.
The squares of molecular translational displacements were subsequently calculat-
ed as an averaged difference between positions of the centers of mass. For a given
diffusion time all available combinations of time frames were taken into account.
The resulting mean square displacement vs. diffusion time was fitted using Eq.
2.53 to obtain the elements of the diffusion tensor. The trace was calculated as a
sum of the diffusion tensor elements.

3.3.4 Calculation of relaxation properties

The relaxation properties were calculated in a similar way to the calculation
of the diffusion tensor. For each single time frame and molecular position, con-
tributions to the perturbation Ĥ1 (see Eq. 2.56) from all the interactions were
calculated. In order to calculate the autocorrelation function the contributions
from each time frame were correlated with the time frame shifted by the desired
correlation time. Since there was not enough data to get the averaging converged,
the correlation time was restricted to an interval from 0 to 2047 time frames. The
correlation function was assumed to be converged during first 1024 points. The
last 1024 were averaged in order to get the asymptotic value. This asymptotic
value was subtracted from the first 1024 points and the area under the curve was
calculated by numerical integration. The spectral density J was obtained by ap-
plication of a discrete Fourier Transformation. As the autocorrelation converged
fast the time scale given by inverse of ω0, following the approximation given by
Eq. 4.47 the area under the autocorrelation was considered to be κij for the
calculation of relaxation times.

The contribution from chemical shift anisotropy was calculated using Eq. 2.29
with an assumption of a static external field with 13C resonance frequency equal to
100.63 MHz. The molecular orientation was estimated from oxygen-oxygen vec-
tor in the same way as in the case of residual chemical shift anisotropy calculation.
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The spin-rotation contribution was calculated in a similar way as the chemical
shift interaction contribution Eq. 2.34. The spin-rotation tensor in the molecular
frame of reference was obtained from Eq. 2.42. The molecular orientation was es-
timated from the oxygen-oxygen vector. The angular momentum of the molecule
was calculated as purely classical quantity from the relative atomic velocities with
respect to the centre of mass of the respective CO2 molecule.

In order to calculate the perturbation induced by the dipolar field from pro-
tons, a random orientation of the proton magnetic dipole was generated for all
hydrogen atoms included in the simulation of the DMOf-1 lattice. The orien-
tation was held constant for all time frames (simulation covered period much
shorter compared to inverse value of proton Larmor frequency1). To calculate
the dipolar field affecting the 13C nuclei of the CO2 molecules, each single proton
was considered to be one independent source of the total dipolar field, this means
no Ewald sum was applied. The vector connecting 1H and 13C was calculated
as the shortest possible connection respecting the periodic boundary condition of
the 3 x 3 x 3 u.c. size of the simulation box.

1Larmor angular freuquency of 1H at the magnetic field is 400 MHz. The reciprocal value
is around 2.5 · 10−9 s. This value is much greater compared to the time interval covered by the
MD simulation (3 · 10−12 ns).
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4. Results

4.1 Residual chemical shift anisotropy of adsorbed
CO2 in DMOF-1

It will be demonstrated that the results of MD simulations shown in chapter
1.2 are consistent with 13C NMR spectra. This approach is based on the following
main ideas, which were outlined already in detail in chapter 2: Due to the chem-
ical shift anisotropy, the Larmor frequency of the 13C nuclei is affected by the
molecular orientation. The CO2 orientation is available from the MD simulation
data. It may provide a prediction of the residual chemical shift anisotropy, which
will compared to the results obtained by 13C NMR spectroscopy.

Changes of the CO2 molecular orientation are assumed to be in the limit of fast
chemical exchange. Validity of this assumption will be shown later in this chapter.
Thus, only the averaged Hamiltonian or residual chemical shift anisotropy are ac-
cessible by the 13C NMR spectroscopy. ⟨∆δ⟩NMR was measured from the powder
sample with relatively small experimental uncertainty. It will be compared to
⟨δ⟩MD calculated from the MD simulations. Finally, temperature dependence of
the residual chemical shift anisotropy is analyzed to see theoretical calculation
and the experimental data change in a consistent way to prove the applied model.

4.1.1 Probability density of CO2 orientation in DMOF-1

Calculation of the residual chemical shift anisotropy from equation 2.50 re-
quires knowledge of orientation probability density p(φ, θ). The quantity is ac-
cessible via MD simulation.

To describe the CO2 orientation we define a unit vector n⃗ in the direction of
oxygen-oxygen axis. The oxygen atoms in the MD simulations are numbered.
The n⃗ has the direction "from the first to the second" so exchange of oxygen
atoms positions results into opposite direction of n⃗. The direction vector n⃗ will
be expressed in spherical angles φ and θ.

The orientation probability is plotted as a function of spherical angle θ in Fig.
4.1. The polar angle θ represents the angle between the oxygen-oxygen vector and
the channel direction. Obviously, largest portion of the molecules is oriented un-
der influence of adsorption site I parallel to the channel direction of the DMOF-1
lattice. There is also a contribution from adsorption site II corresponding to the
small maximum for θ = 90o, where the molecules stay in front of the windows
oriented perpendicular to the channel direction (see Fig. 1.6).

The effect is less noticeable for the higher loading. Though there are more
molecules under influence of adsorption site I, their relative share is lower. With
increasing loading, the adsorption sites I become occupied making CO2 molecules
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Figure 4.1: Polar diagram of the probability density of the orientation of the CO2

oxygen-oxygen vector n⃗ in the channels of DMOF-1. The distance from the center is
proportional to the probability density for the respective angle θ. The red line represents
a load of 1.3 CO2 per unit cell, the black line corresponds to 2 CO2 per unit cell. The
original trajectory was calculated for temperature 300 K.

more likely to be found also out of site I.
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4.1.2 Confirmation of fast-exchange condition by MD sim-
ulation

• 
• 
• • 

Figure 4.2: Autocorrelation function of the orientation of the CO2 oxygen-oxygen
vector in DMOF-1 as function of the correlation time tc for a loading of 2 CO2 molecules
per unit cell at temperature 300 K. The green curve represents a fit, where the slow
process describes the exponential decay with a time constant τR = 5.4 ps. The fast
process is non-exponential and corresponds to a small-angle librational motion.

All further discussions in this chapter are based on the assumption of the
fast chemical exchange between different orientations of CO2 within the DMOF-
1. The assumption was validated by calculation of the autocorrelation function
of orientation. We define this function as following

An⃗ (tc) = ⟨n⃗ (t) · n⃗ (t+ tc)⟩t (4.1)

where tc represents the autocorrelation time. The autocorrelation function of
orientation has no direct meaning in any calculation of relaxation times.

A plot of this autocorrelation function of orientation for typical conditions
is given in Fig. 4.2. Apart of very fast librational motion, the correlation of
CO2 is lost exponentially with time factor τR = 5.4 ps. The difference in fre-
quencies is ∆ω0/2π ≈ 33 kHz, so the factor ∆ω0 · τR ≈ 1.1 · 10−6 which is much
smaller comparing to 1. Therefore, the condition of fast chemical exchange given
by Eq. 2.44 is certainly fulfilled. Thus Eq. 2.50, which is based on the validity
of the assumption of fast chemical exchange of the position dependent chemical
shift of the CO2 in DMOF-1, can be used to estimate the residual chemical shift
anisotropy.
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4.1.3 Comparison of NMR measurement and MD calcula-
tion

The calculation of the residual chemical shift anisotropy using Eq. 2.50 for the
loading of 2 CO2 molecules per unit cell at 300 K is ⟨∆δ⟩MD = −114 ppm. The
corresponding order parameter is SMD = 0.34. We used the Simpson package to
simulate the shape of the spectrum. The calculated value of the residual chemical
anisotropy was used together with isotropic value of CO2 gas ⟨∆δ⟩ = 124 ppm.
All other parameters were chosen to match the single π

2
-pulse experiment used

for the measurements. The result is shown in Fig. 4.3 (a).

------------ -----------

Figure 4.3: 13C NMR spectra of CO2 adsorbed in DMOF-1:
a) Simulation of static powder spectrum with ⟨∆δ⟩MD = −114 ppm.
b) Static powder spectrum measured at 75.47MHz (black full line) fitted with
⟨∆δ⟩NMR = −(55 ± 2) ppm (blue dashed line) for a loading of 2 CO2 molecules per
unit cell.
c) Measured spectrum under MAS at 5 kHz. The organic MOF linkers with natural
abundance of 13C are not visible in these spectra.

If one compares the calculated spectrum (Fig. 4.3 a) with the measured one
(Fig. 4.3 b) one observes a significant smaller experimental residual chemical
shift anisotropy. The measured residual chemical shift anisotropy is

⟨∆δ⟩NMR = −55 ppm

The corresponding order parameter is

SNMR = 0.16
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Unlike in the simulated spectrum there are small “humps" in the measured
spectrum (see Fig. 4.3 (b)). The “humps" in this spetrum are sensitive to shaking
of the sample. Decrease of temperature results into broadening of the spectrum
but its shape (including the "humps") remains untouched (see Fig. 4.4). So the
difference to ideal Pake pattern is a consequence of non-uniform distribution of
crystal orientations. The anisotropy of the Zn2(BDC)2(DABCO) structure re-
sulted into formation of crystals with non-cubic shape. Apparently, the optimal
packing of such crystals in narrow NMR sample tubes is non-uniform. Similar
effects of crystal orientation in NMR sample tubes were reported previuosly by
Forse et al [65].

To obtain additional information on the origin of the observed line shape the
13C NMR spectra of the adsorbed CO2 was also measured under condition of mag-
ic angle spinning (see Fig. 4.3 (c)). The broad spectrum shrank into a straight
narrow line at 124 ppm which corresponds to the isotropic value of the chemical
shift of gaseous CO2. One has to note that there is no other intramolecular NMR
interaction in 13CO2. Most of the oxygen nuclei are 16

8 O thus having no magnetic
dipolar moment at all. Later it will be proved that dipolar interaction with hy-
drogen nuclei in the MOF lattice and spin-rotation interaction are modulated by
fluctuations that are too fast to have an influence on the spectrum. By exclusion
of any other source of line broadening, one can assume that fitting of single-spin
static powder spectrum to the measured one is the correct way to determine the
residual chemical shift anisotropy of 13CO2adsorbed in DMOF-1.

The 13C NMR spectra of the two samples no. 1 and 2 (see tab. 3.1) were
acquired over a temperature range of 215 K to 316 K. An example of the tem-
perature dependence for the sample loaded with 1.3 molecules per u.c. can be
seen at Fig. 4.5. The predominant observation is that the spectra narrow with
increasing temperature. The origin of this narrowing is the temperature depen-
dence of the probability density of CO2 molecular orientation in DMOF-1. Due
to the faster molecular tumbling this distribution gets somehow more uniform.
As a consequence of desorption from the pore space with increasing temperature
a peak of free CO2 gas appears at 124 ppm. This free CO2 collects in the closed
NMR glass tube between the DMOF-1 crystallites and above the MOF bed and
contributes to the observed NMR signal.

The difference in residual chemical shift anisotropy which was observed be-
tween the measured and the calculated spectra has to be assigned to imperfection
of the force field which was used for MD calculations. The very same difference
repeats for both samples and all temperatures (see Fig. 4.5). In the experimen-
tally observed temperature range, the order parameter decreases linearly with
temperature. In order to quantify this effect it was fitted using equation

S = A+BT (4.2)

Figure 4.5 shows higher order parameters for lower loading which implies that
preferential orientation of the CO2 in channel direction is even more pronounced.
The reason is that the ratio between populations of adsorption sites is more in
favor of adsorption sites I (corner of the paddle wheels).
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Figure 4.4: 13C NMR spectra of CO2 adsorbed in DMOF-1 for a loading of 1.3 CO2

molecules per unit cell.
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Figure 4.5: Measured (NMR) and calculated (MD) values of order parameter S as
function of temperature. The measurement were carried out for two samples with a
loading of 1.3 (marked black) and 2 (marked red) CO2 molecules per unit cell. Data
calculated from MD simulations are presented with full symbols. Experimental results
of NMR spectroscopy are given with empty symbols. All the data were fitted by linear
function S = A+BT .

4.2 Semi-quantitative interpretation of the order
parameter

The linear decrease of the order parameter of adsorbed 13CO2 with increasing
temperature (see Fig. 4.5 and Tab. 4.1) which is consistently observed in the
NMR experiment and in the MD data analysis, seems unusual. Based on concept
of activated complex one rather would expect an Arrhenius type dependence or
Vogel-Fulcher-Tammann temperature dependence that both are exponential with
reciprocal temperature. The unexpected linearity will be explained by quantita-
tive arguments.

The discussion will be based on assumption of small amplitude librations of
CO2 in the adsorption site I. Adsorption site II will be neglected as well as any
molecules between the adsorption sites. This is justified because of the much
lower occupation of the adsorption site II and the free pore space.

Let us assume that the CO2 molecule does not leave the adsorption site and
that it is aligned with a certain (yet unknown) axis within the adsorption site I
(see Fig. 4.6). In general, this axis will be deflected from the channel direction
by angle α0. The energetic profile of the libration motion (fluctuations) around
this axis may be approximated by the potential of a harmonic oscillator. The
oscillations are possible around 2 axes perpendicular to each other. The angle of
deviation in the plane given by the channel direction and equilibrium orientation
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Method CO2 per u.c. A [-] B [10−3 K−1]
MD 1.3 1.11 -2.49
MD 2.0 0.97 -2.05

NMR 1.3 0.75 -2.00
NMR 2.0 0.64 -1.61

Table 4.1: Fitting parameters of orders parameters temperature dependencies plotted
at Fig. 4.5.

will be denoted α. The angle in the other direction will be marked β. So we
assume following relation for energy

E =
1

2
k
(︁
α2 + β2

)︁
(4.3)

The corresponding probability density can be expressed using Boltzmann distri-
bution as

p (α, β) =
1

Z (T )
e
−

k(α2+β2)
2kbT (4.4)

where Z(T ) is partition sum. The angles α and β cover the whole sphere of
possible oxygen-oxygen orientations. Since the total probability has to be equal
to one, the partition sum Z(T ) can be calculated from the normalization condition
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−π
2
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−π
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· e−

k(α2+β2)
2kbT cosα dα dβ (4.5)

However, the integral is impossible to be solved analytically. In order to solve the
integral, one needs to approximate cosα = 1 +O(α2). It is also necessary to ex-
pand the integration limits to infinity. Since the probability density shall quickly
drop to zero with growing angles α resp. β, the expansion of the integration limit
to infinity as well as approximation of cosine do not impose a major error due
to the fast decay of the exponential function in the integrand. The integration
results into

Z (T ) = 2π
kBT

k
+O

(︄(︃
kBT

k

)︃2
)︄

(4.6)

In the following calculation of the partition sum will be approximated by only
the first term:

Z (T ) ≈ 2π
kBT

k
(4.7)

Assuming that the CO2 molecule in equilibrium orientation is deviated by
angle α0 from the channel direction. Using Eq. 2.40, 2.50 and 2.51 one can write
the order parameter as averaging given by

S =

∫︂ π
2

−π
2

∫︂ π

−π

3 cos2 (α + α0)− 1

2
· 1

Z (T )
· e−

k(α2+β2)
2kbT cosα dα dβ (4.8)
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Figure 4.6: Libration motion described as harmonic oscillations about an axis. The
axis defining equilibrium orientation is denoted dash-dotted. Black arrow corresponds
to the actual direction of oxygen-oxygen vector. Angle α0 defining deflection of
equilibrium orientation from the channel direction is marked with red dashed arc.
Angles defining deflection of the actual orientation from equilibrium orientation are
marked with colored full lines. Red full arcs represent α while green full arcs corre-
spond to angle β. Axis corresponding to rotation by angle β is assumed to be in the
plane given by equilibrium orientation and perpendicular to the channel direction.

The equation will be rewritten using goniometric identity

cos2 (α + α0) = (cosα cosα0 − sinα sinα0)
2

and the bracket will be expanded.
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To get the integral solved one needs to rewrite the goniometric functions using
Taylor series. This time, also quadratic terms of the expansion will be retained.
The integration limits will be again expanded to infinity. The second integral is
equal to zero due to symmetry reasons - sine is odd function and cosine is even
function. Hence the integrated function is odd as well and the integration of an
odd function over an interval symmetric by zero results into zero.
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Using the approximation and Eq. 4.7 one obtains

S ≈ 3 cos2 α0 − 1
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Comparing this result with the linear approximation of the temperature de-
pendence of the order parameter one sees that the parameter A (absolute term)
can be identified as

A ≈ 3 cos2 α0 − 1

2
(4.12)

In fact, for our harmonic oscillator model, the absolute term A corresponds
to the hypothetical value of order parameter for zero thermodynamic tempera-
ture. Since the motion are suppressed in such a case, the CO2 molecule stays in
equilibrium thus deviated by α0 from the channel direction.

Contradictory to this model, one can see A higher than 1 in Table 4.1. The
method actually extrapolates data for interval 200 K - 350 K to 0 K. Since the
terms α4 in Taylor series have opposite sign to the quadratic terms, decay of or-
der parameters is not so pronounced for higher temperatures as one could expect
from the linearisation. Therefore the extrapolation to 0 K results into value of A
which is slightly higher than the real one.

Considering the above mentioned uncertainty of the fit one could interpret
the difference in A between MD and NMR. While A = 1 corresponds to equilib-
rium orientation exactly parallel to the channel direction, A = 0.75 corresponds
to α0 = 24o. Looking into Fig. 1.5, the CO2 molecule in global minimum stays
slightly shifted towards the DABCO and also deviated from channel direction.
One possible explanation of a lower order parameter in NMR is that it is more
difficult for molecule to leave this minimum and move between the carboxylate
oxygens.

The parameter B in the Eq. 4.2 can be identified as

B ≈
(︃
1

4
+

3

2
sin2 α0 −

9

4
cos2 α0

)︃
kB
k

(4.13)

Apart from the factor depending on α0, the parameter B is mainly determined by
the ratio between the Boltzmann constant and the force constant of the harmonic
oscillator k. It compares the thermal energy with the energy of the interaction

46



binding CO2 in the adsorption site. Due to uncertainty in α0 it is hard to say if
the binding energy predicted by NMR is really lower comparing to the one cal-
culated from force field in MD. However, since the slope is similar, the difference
can be estimated to be maximally 20 %. Since it is the combination of all effects
determining the adsorption site, it represents a good verification of MOF-FF for
most of practical applications.

Based on this model and the used approximations typical value for k can
be estimated from the observed linear temperature dependence of the order pa-
rameter. Let us consider values α0 = 0 and B = 2.5 · 10−3 K−1 from the MD
calculation. They correspond to k ≈ 6.8 · 10−2 eV. The frequency of rotational
mechanical harmonic oscillator can be calculated as

f =
1

2π

√︃
k

I
(4.14)

Concerning the CO2 molecular moment of inertia of I = 7.2 · 10−46 kgm2 [66],
the resonance frequency of the harmonic oscillator results into 6.2 ·1011 Hz. Elec-
tromagnetic waves of the same frequency belong to the far-infrared region. Such
a frequency seems to be reasonable in the context of libration molecular motion.

Let us repeat the same procedure for values α0 = 24◦ and B = 2.0 · 10−3 K−1

which we expect from NMR. They correspond to k ≈ 5.9 · 10−2 eV and resonance
frequency f ≈ 5.8 · 1011 Hz. Such a small difference with respect to the results
of MD is an evidence of the good quality of the MOF-FF force field. Obviously,
the temperature-dependent measurement of the order parameters is very sensitive
method for detection of such movements.

Boltzmann factor kBT equals approximately to 2.6 · 10−2 eV at temperature
300 K, hence kBT

k
≈ 0.45 for the k given by NMR. The above mentioned approx-

imations are based on assumption kBT
k

<< 1. To get the exact parameters of the
adsorption site, one should repeat the whole NMR study for a temperature range
from 0 K to ca. 50 K. This would also suppress the desorption of gas from the
crystal and suppress diffusion which is quite fast as it will be showed in next chap-
ter. However, the measured temperature dependencies at Figure 4.5 seem to be
linear so the approximation were considered sufficient for the purpose of this work.

A question can be raised whether such a system should be even treated classi-
cally. The quantum mechanical oscillator with frequency 5.8 · 1011 Hz has energy
levels separated by ca 2.4 ·10−3 eV. Concerning the value of Boltzmann factor one
can see that even eigenstates with quantum number of 20 are populated. Such
an oscillator can be well approximated classically. On the other hand, when ap-
proaching temperatures of ca. 15 K, it is likely to observe an effect of zero-point
energy oscillations. Residual chemical shift anisotropy would be effectively lower
than expected from classical calculations due to averaging caused by Heisenberg
uncertainty principle.

47



4.3 CO2 translational motion in DMOF-1

4.3.1 Anomalous diffusion

Before any further quantitative investigation it was necessary to test whether
the diffusive process can be considered Brownian. The check was done indepen-
dently for both MD and PFG NMR since both methods operate on different
time-scales.
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Figure 4.7: Mean square displacement of CO2 in Zn2(BDC)2(DABCO) as calculated
using MD for a loading of 2 CO2 molecules per unit cell at temperature 300 K. The curve
represents the diffusion in the channel direction ⟨r2∥⟩ (dashed line, blue), perpendicular to
the channel direction ⟨r2⊥⟩ (dotted line, red) and the averaged (isotropic) diffusion
⟨r2⟩ (full line, black).

Molecular dynamics provides trajectories thus allowing direct calculation of
the mean square displacement (MSD). Fig. 4.7 shows a plot of MSD in various
directions as a function of diffusion time. Apart of small random fluctuations the
function is linear following Eq. 2.53. The fit of ⟨r2∥⟩ resulted with a coefficient
of determination of R2 = 0.991 and the fit of ⟨r2⊥⟩ converged with R2 = 0.998.
Interestingly, there are different displacements parallel to the channel direction
and perpendicular to it.

The check for anomalous diffusion in a real sample was carried out on the
samples no. 4 and 5 with high loading since the samples used otherwise in this
work (no. 1 and 2) provided too low signal to be recorded for a set of diffusion
times. Because of the problems with non-uniform distribution of crystal orienta-
tions mentioned in previous chapter (the "humps") together with the anisotropy
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of Zn2(BDC)2(DABCO), there were concerns about reliability of the time depen-
dence when sample would be removed from the spectrometer between measure-
ments. Hence the samples with high loading were prepared.

The results of the measurement are plotted in fig. 4.8. There are no significant
differences in the measured diffusion coefficients within the experimental uncer-
tainty. However, one has to note that the diffusion coefficient of CO2 in these
samples was lower, compared to the samples with lower loading, which were used
in the rest of this work. Thus the measurements later discussed in this section
were carried out using shorter diffusion time.
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Figure 4.8: Trace of apparent diffusion coefficient tensor as function of diffusion time.
Black symbols represent a sample with inner pressure 9 bar. Red symbols stay for the
sample with inner pressure 6 bar. The measurement was carried out at a temperature
of 300 K.

Using Eq. 2.53 one can estimate the characteristic length-scale which was
covered by PFG NMR diffusion measurements. The root mean square displace-
ment between 11 and 22 µm corresponds to TrD = 2 · 10−9 m2 s−1 and diffusion
time from 10 to 40 ms. Based on these results the crystals can be considered
to be homogeneous with non-anomalous diffusion on this length-scale. Howev-
er, the result cannot be further generalized. The crystals were not significantly
bigger compared to these distances. Obviously, when the displacement becomes
comparable with crystal size, diffusion measurements are significantly affected by
interaction at crystal boundaries. The measurements under higher temperature
and lower pressure were thus more tricky. Since the gradient coils have non-zero
inductance it is not possible to shorten the gradient pulse to duration shorter
than 400 µs. Hence, the diffusion time in the PFG NMR measurement cannot be
shortened under 1 ms.
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4.3.2 Observing diffusion anisotropy with spectrally non-
resolved PFG NMR

Due to crystal anisotropy we expected the diffusion tensor to be anisotropic.
The expectation was verified by MD simulation (see fig. 4.7). The calculation
should be verifiable by fitting the spin echo amplitude attenuation using solution
of Eq. 2.27. However, due to low CO2 concentration and small γ of 13C, the
signal-to-noise ratio provided by the samples was poor (see Fig. 4.9).

Figure 4.9: 13C PFG NMR spin echo amplitude attenuation s (b) /s (0). The measured
data (•) were fitted by a mono-exponential decay (η = 1, full line) and by the expected
pattern for anisotropic diffusion with preferential diffusion parallel with the channel
direction (η = 3, dashed line) and perpendicular to it (η = 1

3 , dotted line).

Three different fits are shown in the Fig. 4.9. Since both models with η ̸= 1
fit well to the experimental data, it is not even possible to distinguish whether
diffusion along the channel direction or through the windows is preferred. Since
the standard method provided too poor signal-to-noise ratio, it was necessary to
develop a new approach for investigating of diffusion anisotropy.
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4.3.3 Spectrally resolved measurement of diffusion
anisotropy

Our solution was based on combination of NMR spectroscopy and diffusom-
etry. As shown in previous chapter, 13C resonance frequency from 13CO2 within
Zn2(BDC)2(DABCO) crystals varies with crystal orientation. PFG NMR is sen-
sitive only to movement in the direction of field gradients. The direction can be
chosen by varying currents in differently oriented coils generating the field gra-
dients. Combined together, one gets spectrally and thus orientationally resolved
spin echo attenuation.

The practical implementation of the data analysis for this method was done
using the SIMPSON simulation package. Since there is no analytic formula for
the Pake pattern, SIMPSON simulates spectrum as a superposition of many in-
dividual crystals. Crystal orientations are stored in so called crystal files. Apart
from the orientation each crystal has a dimensionless factor weight defining its
relative contribution to superposition of signals.

Crystal files for SIMPSON are generated by a couple of algorithms which
ensure uniformity of crystal orientations. This work utilizes the modified ZCW
(Zaremba-Conroy-Wolfsberg) algorithm [67]. Common output of ZCW is a set
of "helices" which are flipped with respect to each other to approximate uniform
orientation probability density. All the crystal weights are equal and normalized
so that their sum equals to 1. Instead, the modified version had all weights at-
tenuated using Eq. 2.26.
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Figure 4.10: Simulation of the diffusion stimulated echo 13C spectra for carbon diox-
ide in DMOF-1 with isotropically distributed crystal orientations under the influence
of pulsed field gradients in the direction of the main (polarizing) magnetic field B0

⃗

(z-gradient) for two anisotropy values: (a) ηa =
D∥
D⊥

= 10 (b) ηb =
D∥
D⊥

= 0.1. It was
assumed that the principal axes of the diffusion and chemical shift tensors were parallel
with each other. The lines represent the values of Tr (DDD) · b equal to 0 (full line), 0.15
(dashed), 0.6 (short-dashed), 1.4 (short-dotted) and 2.5 (dotted).

To simulate the spectral attenuation due to diffusion the procedure must be
repeated for every combination b, TrDDD and η. The result is no longer a Pake
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pattern, as can be seen in fig. 4.10 and 4.11. It is a Pake pattern only at b = 0
and with orientation (i.e. chemical shift) dependent attenuation. Additionally
the attenuation will depend on the anisotropy η and the direction of the pulsed
field gradient.

If the diffusion in the direction parallel to the channel is preferred (η > 1),
the z-gradients attenuate the signal at the right side more strongly than those at
the left side of the spectra. This is shown in Fig. 4.10 a). If diffusion through the
windows is preferred (η < 1), the z-gradients would attenuate the left side of the
spectrum stronger than the right side, see Fig. 4.10 b). Thus the spectral line
shape is affected in different ways depending on the diffusion anisotropy value.
While η > 1 leads to an apparent line narrowing, for η < 1 the line width is
rather maintained.

The corresponding PFG NMR signal attenuation of the static powder spec-
trum is different when applying the x-gradient (see Fig. 4.11) instead of the
z-gradient. The width of the spectrum at the base is maintained if the preferred
diffusion is parallel with the channels (η > 1, see Fig. 4.11 a)) while the line
width is apparently narrowed in the case that the preferred diffusion takes place
through the windows (η < 1, see Fig. 4.11 b)).
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Figure 4.11: Simulation of the diffusion stimulated echo 13C spectra for carbon dioxide
in DMOF-1 with isotropically distributed crystal orientations under the influence of the
pulsed field gradients perpendicular to the direction of the polarizing magnetic field B0

⃗

(x-gradient) for two anisotropy values: (a) ηa =
D∥
D⊥

= 10 (b) ηb =
D∥
D⊥

= 0.1. It was
assumed that the principle axes of the diffusion and chemical shift tensors were parallel
with each other. The lines represent values of Tr (DDD) · b equal to 0 (full line), 0.15
(dashed), 0.6 (short-dashed), 1.4 (short-dotted) and 2.5 (dotted).

Fig. 4.12 a) shows the 13C NMR spectra of CO2 in DMOF-1 measured at
different pulsed field gradient strength. The applied gradient was pointing in the
x-direction (perpendicular to B⃗0). It can be seen that the gas phase peak at 124
ppm disappears after application of a small gradient. Additionally the left side
of the spectrum is attenuated stronger than the right side. The observation thus
points towards diffusion anisotropy value for CO2 in DMOF-1 grater than unity.
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Since SIMPSON is not designed for fitting of crystal files, the fitting of b, TrDDD
and η had to be done manually. At temperature 300 K with sample containing 2
CO2 molecules per unit cell the best agreement between simulated and measured
spectra was obtained for η = 3 (see Fig. 4.12 b)). It is not as high as predicted by
MD simulation but it can be concluded that diffusion along Zn2(BDC)2(DABCO)
channels is preferred.
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Figure 4.12: (a) 13C PFG NMR spectra of carbon dioxide in DMOF-1 measured under
the influence of pulsed field gradients in x-direction. The distribution of orientations in
the sample is not perfectly isotropic. There is a narrow peak of gaseous CO2 contributing
to the first spectrum. (b) Simulation of the diffusion attenuation with an anisotropy of
η = 3 (all other parameters were the same as in Fig. 4.11).

54



55



4.3.4 Model for the temperature dependence of diffusion
anisotropy

In order to explain the observed anisotropy, let us assume CO2 diffusion in
the MOF to be a thermally activated process. However, the diffusion through
the windows and the diffusion along the channels have to be treated as two
independent processes. The major components of the diffusion tensor are given
by

D∥ = A∥ · e−
E∥
RT (4.15a)

D⊥ = A⊥ · e−
E⊥
RT (4.15b)

where E∥ and E⊥ are activation energies for diffusion along respectively per-
pendicular to channels. A∥ and A⊥ will be called simply as pre-exponential factors.

The diffusion anisotropy follows the same type of exponential temperature
dependence as the tensor components.

D∥

D⊥
= A∥/⊥ · e−

E∥/⊥
RT (4.16)

The following notation was used:

A∥/⊥ =
A∥

A⊥
(4.17a)

E∥/⊥ = E∥ − E⊥ (4.17b)

Eq. 4.16 provides a tool for analysis of temperature dependence of the dif-
fusion anisotropy. The results of such calculations obtained from MD are given
in Fig. 4.13. The fitting parameters are given in table 4.2. There are no corre-
sponding data from NMR since the imaging probe was not suitable for variable
temperature measurement.

The calculation confirms that CO2 diffusion in the channel direction is pre-
ferred in Zn2(BDC)2(DABCO). The value of the diffusion anisotropy seems to be
strongly temperature-dependent. The growth of anisotropy with temperature is
an indicator of E∥ < E⊥. It can be explained by calculation of energetic minima
(Fig. 1.5 and Fig. 1.6). Molecules diffusing perpendicular to the channel direction
have to past through 2 potential barriers. The first one is the potential barrier be-
tween adsorption site I and adsorption site II. The second barrier is between two
neighboring adsorption sites II. On the other hand, jumping between adsorption
sites I in the channel direction means crossing only one potential barrier whose
energy is comparable to barrier between adsorption site I and adsorption site II.

The value of E∥/⊥ decreases with CO2 loading. This is a consequence of higher
population of adsorption site II due to occupation of adsorption site I.
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Figure 4.13: Temperature dependence of diffusion anisotropy D|
D⊥

calculated from
MD trajectory. The graph is plotted as Arrhenius plot. Calculated points are fitted
using Eq. 4.16 which appears as straight line in Arrhenius plot. Black points and line
corresponds to loading 1.3 CO2 molecules per unit cell while 2.0 CO2 correspond to
the loading 2.0 CO2 molecules per u.c.

Loading A∥/⊥ [−] E∥/⊥ [kJmol−1]

1.3 110± 30 5600± 600
2.0 30± 10 3200± 900

Table 4.2: Fitting parameters from the fits of diffusion anisotropy temperature depen-
dence calculated from MD trajectory using Eq. 4.16.
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4.3.5 Temperature dependence of diffusion tensor trace

Based on equations 4.15 (a) and 4.15 (b) a trace of the diffusion tensor can
be expressed as

TrD =
1

3
A∥ · e−

E∥
RT +

2

3
A⊥ · e−

E⊥
RT (4.18)
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Figure 4.14: Comparison of temperature dependencies of diffusion tensor trace for
both samples. Black points represent loading 1.3 molecules per u.c., red points stay for
2.0 molecules per u.c. Full points represent MD simulation while empty symbols stay
for NMR measurements.

Proper analysis of such data is complicated since it requires deconvolution
of two exponentials with very similar base. However it was previously proven
by measurement of diffusion anisotropy that the first term is at least a couple
times greater compared to the second one. Since E∥ < E⊥, growth of D∥ with
temperature is faster compared to D⊥. So as a very rough approximation, the
temperature dependence of diffusion tensor trace can be evaluated using

TrD ≈ 1

3
A∥ · e−

E∥
RT (4.19)

Comparison of MD-calculated and NMR-measured diffusivities in tempera-
ture range from 200 K to 300 K can be seen on Fig. 4.14. The diffusivity remains
of the order of magnitude 10−9 to 10−8 m2 s−1. The calculated and measured
self-diffusion coefficients are in the same order of magnitude although the mea-
sured diffusivities are slightly lower. It is faster compared to liquids (self-diffusion
coefficient of distilled water is 2.3 · 10−9 m2 s−1 at 298 K). On the other hand it
is significantly lower than the one of free CO2 gas at similiar pressure (typically
10−6 to 10−5 m2 s−1).
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The diffusivity grows exponentially with temperature for all the experiments,
hence Eq. 4.19 was used to fit them. Results of the fit are shown in table 4.3.

Method Loading A∥ [10
−7m2 s−1] E∥ [kJmol−1]

MD 1.3 9± 3 10800± 900
MD 2.0 1, 3± 0, 2 6700± 400

NMR 1.3 1, 1± 0, 5 6600± 1000
NMR 2.0 13± 10 13000± 2000

Table 4.3: Fitting parameters from the fits of diffusion tensor trace as function of
temperature using Eq. 4.19.

The activation energy E∥ decreases with higher loading in the MD calculation.
This is a natural consequence of the fact that adsorption sites I become more oc-
cupied. CO2 molecule has higher chance to be found out of the adsorption site I,
thus having higher potential energy. This energy helps to pass potential barrier,
effectively lowering activation energy for the diffusion.

On the other hand, NMR measurement shows the opposite trend. The ac-
tivation energy significantly increases with higher loading. Although is it dis-
putable whether 2 samples are sufficient for such an analysis, some explanation
to this effect should be adressed. There could be some additional interaction
which is not covered by MD simulation. Molecular dynamics calculation does
not evaluate electron density changes in the material. CO2 molecule has strong
electric quadrupolar moment which can induce an additional electric moment in
the paddle-wheel. And other CO2 molecules in the vicinity of the paddle-wheel
can interact with this induced electric moment. Hence the adsorption can be
cooperative - molecules are bound stronger when they are attached to the same
paddle-wheel. Hence the activation energy for jumps between adsorption sites
(diffusion) could be higher. It could also explain somewhat lower diffusion coef-
ficient obtained by NMR.
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4.4 Relaxation of nuclear magnetization of CO2 in
DMOF-1

This section covers the theoretical analysis of 13C nuclear spin relaxation.
The first chapter contains derivation of formula for relaxation rates in a system
with anisotropic modes of motion. The formula allows the calculation of relax-
ation contributions from chemical shift anisotropy, spin-rotation interaction and
dipole-dipole interaction of 13C of the adsorbed CO2 with 1H nuclei of the MOF
lattice. It uses the dynamics of the adsorbed CO2 as obtained from the molecular
dynamics simulation. Contribution from other interactions are order of magni-
tude weaker so it was neglected for the sake of simplicity.

In the first subsection (4.4.1), the 13C of CO2 molecule is represented as a
single 1/2-spin molecular system. The other spins in the MOF lattice and near-
by CO2 molecules are considered as part of the surrounding. Proton magnetic
dipoles and their dipolar field were added to processing of MD trajectory as
purely classical objects with no quantum-mechanical properties. The assumption
is justified by calculation of correlation times. The average CO2 residence time in
proximity of a MOF proton is significantly shorter compared to the characteristic
timescale for the evolution of quantum coherences between the spins. Similarly,
the molecular angular momentum and the spin-rotation field were calculated as
classical quantities because the libration motion of CO2 molecules in MOF ad-
sorption sites (small oscillations of the molecular axis) is much faster compared
to the time-scale of Larmor precession.

The second subsection of the chapter focuses on the influence of different
crystal orientation on the relaxation processes. Similarly to diffusion, relaxation
shall influence the powder pattern observed in 13C NMR spectrum of CO2.

4.4.1 Two-state system under influence of anistropic mo-
tion

This section reviews derivation of longitudinal relaxation time from the time-
correlation functions of nuclear spin interactions. The result is explicitly written
using cartesian coordinates tensors in contrast to the other authors (e.g. [68])
using the representation of irreducible spherical tensor operators. Such approach
is quite useful for calculation of relaxation in liquid membranes [69, 70, 71, 72]
and liquid crystals [73, 74, 75] as the systems undergo overall rotation motion.
This work uses cartesian coordinates because it is more natural framework to
describe the static MOF crystals.

The three interactions that impose a major influence on relaxation of 13C
nuclear spin of CO2 will be represented using time-dependent perturbation theory
(see 2.56 for the Hamiltonian). The perturbation Ĥ1 will be expressed as

Ĥ1 = Îx ·Kx (t) + Îy ·Ky (t) + Îz ·Kz (t) (4.20)

The time- and direction- dependences origin from factors Kx, Ky and Kz. Op-
erators Îx, Îy and Îz represent full base of eigenfunctions of unperturbed spin
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Hamiltonian. The following text will use natural units as e.g. Levitt[57]. Hence,
reduced Planck constant ℏ will be assumed to be equal to 1. Denoting eigenfunc-
tions of Îz as |↑⟩ and |↓⟩, the operators can be expressed in the following forms

Îx =
1

2
(|↑⟩ ⟨↓|+ |↓⟩ ⟨↑|) (4.21a)

Îy =
1

2i
(|↑⟩ ⟨↓| − |↓⟩ ⟨↑|) (4.21b)

Îz =
1

2
(|↑⟩ ⟨↑| − |↓⟩ ⟨↓|) (4.21c)

Let us assume an inversion recovery experiment applied on the two-state spin
system. In ideal case, the non-diagonal components of the density matrix vanish.
By means of magnetization Mz, the density matrix ρ̂ can be written as

ρ̂ =
1

2

(︃
1 + B

2
Mz 0

0 1− B
2
Mz

)︃
(4.22)

The diagonal components are dependent of each other. Thus, the time-evolution
can be described using only the component ρ↑↑. From Eq. 2.57 we obtain

dρ↑↑
dt

= R↑↑↑↑

(︂
ρ↑↑ − (ρeq)↑↑

)︂
+R↑↑↓↓

(︂
ρ↓↓ − (ρeq)↓↓

)︂
(4.23)

By comparison with Bloch equation 2.14 one obtains an expression for longi-
tudinal relaxation time T1:

1

T1
= R↑↑↓↓ −R↑↑↑↑ (4.24)

The first component of the relaxation matrix can be expressed from Eq. 2.58 as

R↑↑↑↑ =
1

2
J↑↑↑↑ (ω↑ − ω↑) +

1

2
J↑↑↑↑ (ω↑ − ω↑) +

− 1

2
δ↑↑
∑︂
γ

Jγ↑γ↑ (ωγ − ω↑)−
1

2
δ↑↑
∑︂
γ

Jγ↑γ↑ (ωγ − ω↑) (4.25)

which simplifies to
R↑↑↑↑ = −J↓↑↓↑ (−ω0) (4.26)

Larmor frequency ω0 was used because of following relation

ω0 = (ω↑ − ω↓) (4.27)

The second relaxation matrix component can be expressed

R↑↑↓↓ =
1

2
J↑↓↑↓ (ω↑ − ω↑) +

1

2
J↑↓↑↓ (ω↑ − ω↑) +

− 1

2
δ↑↓
∑︂
γ

Jγ↑γ↑ (ωγ − ω↑)−
1

2
δ↑↓
∑︂
γ

Jγ↑γ↑ (ωγ − ω↑) (4.28)

and simplified to
R↑↑↓↓ = J↑↓↑↓ (ω0) (4.29)
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Thus, the longitudinal relaxation rate results into

1

T1
= J↑↓↑↓ (ω0) + J↓↑↓↑ (−ω0) (4.30)

The Hamiltonian operator is self-adjoint

⟨↑| Ĥ |↓⟩ = ⟨↓| Ĥ |↑⟩ (4.31)

When we consider goniometric identity eiω0 = cosω0 + i sinω0 the two terms in
the Eq. 4.30 can be summed into

1

T1
= 4

∞∫︂
0

⟨↑| Ĥ1 (t+ τ) |↓⟩ ⟨↑| Ĥ1 (t) |↓⟩ cos (ω0) dτ (4.32)

Concerning orthogonality of base |↑⟩, |↓⟩ and definitions 4.20 and 4.21 the aver-
aged quantity can be expressed as

⟨↑| Ĥ1 (t+ τ) |↓⟩ ⟨↑| Ĥ1 (t) |↓⟩ =
1

4
Kx (t+ τ)Kx (t) +

1

4i
Ky (t+ τ)Kx (t) +

− 1

4i
Kx (t+ τ)Ky (t) +

1

4
Ky (t+ τ)Ky (t) (4.33)

The correlation function can be expressed as a sum of auto-correlation and cross-
correlation terms. Following substitution will be used to simplify the notation

κij =

∞∫︂
0

Ki (t+ τ)Kj (t) cos(ω0τ) dτ (4.34)

Expansion of the over-lined term of Eq. 4.32 results into

1

T1
= κxx + iκxy − iκyx + κyy (4.35)

In the relevant cases, the correlation function is symmetrical with time reversion
(same for positive and negative correlation time τ). Therefore, for the cross-
correlation terms, the order of indexes is not important.

κij = κji (4.36)

Subsequently, Eq. 4.35 can be simplified to

1

T1
= κxx + κyy (4.37)

62



4.4.2 Orientation dependence of spectral density

Eq. 4.37 provides useful tool to calculate the relaxation rate 13CO2 from MD
trajectories in the MOF porespace. However, the DMOF-1 crystal is unlikely to
be oriented with its main axes parallel to the laboratory coordinate frame axes.
Thus, a relation for calculation in different coordinate system is needed. So κxx
and κyy have to be transformed to the other coordinate system. Regarding the
form of Eq. 4.20, let us assume that the factors Kx, Ky and Kz transform as
component of vector K⃗. The components of the K⃗ in crystal coordinate system
shall be denoted Ka, Kb and Kc. Then, there is the following relation between
them: ⎛⎝Kx

Ky

Kz

⎞⎠ = R (φ, θ, ψ)

⎛⎝Ka

Kb

Kc

⎞⎠ (4.38)

With the use of this relation and rules for multiplication of matrices, Eq. 4.34
can be rewritten as

κij =

∞∫︂
0

⎛⎜⎝R (φ, θ, ψ)

⎛⎝Ka (t+ τ)
Kb (t+ τ)
Kc (t+ τ)

⎞⎠⎛⎝R (φ, θ, ψ)

⎛⎝Ka (t)
Kb (t)
Kc (t)

⎞⎠⎞⎠T
⎞⎟⎠
ij

cos(ω0τ) dτ

(4.39)
For time-constant orientation of the crystal (resp. Euler angles) the order of

matrix multiplications and integration can be reversed.

κij =
(︁
RκR−1

)︁
ij

(4.40)

where κ is calculated in the crystal frame of reference as

κij =

∞∫︂
0

⎛⎝⎛⎝Ka (t+ τ)
Kb (t+ τ)
Kc (t+ τ)

⎞⎠⎛⎝Ka (t) Kb (t) Kc (t)

⎞⎠⎞⎠
ij

cos(ω0τ) dτ (4.41)

The rotation matrix can be expressed as

R (φ, θ, ψ) = RφRθRψ =

=

⎛⎝ cosφ cosψ cos θ − sinφ sinψ cosφ sinψ cos θ + sinφ cosψ − cosφ sin θ
− sinφ cosψ cos θ − cosφ sinψ cosφ cosψ − sinφ sinψ cos θ sinφ sin θ

cosψ sin θ sinψ sin θ cos θ

⎞⎠

(4.42)

Thus, the result of multiplication can be written as

Kx = (cosφ cosψ cos θ − sinφ sinψ)Ka +

+ (cosφ sinψ cos θ + sinφ cosψ)Kb − cosφ sin θKc (4.43)
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and

Ky = (− sinφ cosψ cos θ − cosφ sinψ)Ka +

+ (cosφ cosψ − sinφ sinψ cos θ)Kb + sinφ sin θKc (4.44)

Based on Eq. 4.43 and 4.44 we can rewrite 4.37 as

1

T1
=
κaa + κbb

4
· (cos (2 θ) + 3)− κaa − κbb

2
· cos (2ψ) sin2 θ +

− κab · sin (2ψ) sin2 θ − κac cosψ · sin (2 θ)− κbc sinψ · sin (2 θ) +

+ κcc sin
2 θ (4.45)

Due to C4 symmetry of Zn2(BDC)2(DABCO), the cross-correlation functions
average to zero and the K⃗ tensor has diagonal form. The auto-correlation func-
tions κaa and κbb shall be equal to each other for infinite averaging time. Thus,
they will be rather denoted with κ⊥ and the index κcc will be replaced with κ∥
for consistency with the rest of this work.

Eq. 4.45 simplifies to

1

T1
=
κ⊥
2

· [cos (2 θ) + 3] + κ∥ sin
2 θ (4.46)

Even the simplifications used for derivation of Eq. 4.46 resulted into an orien-
tation dependence of T1. For a single crystal sample, both the spectral densities
κ⊥ and κ∥ can be recorded in subsequent experiments. Poly-crystalline samples
makes the situation more complicated. There are two extreme cases. Small crys-
tals with fast diffusion and adsorption-desorption processes show fast exchange
of CO2 between various orientations. However, the relaxation time T1 cannot be
simply assumed to be an average over all crystal orientations. The averaging is
also influenced by relaxation time of gas in inter-crystalline space.

The other extreme case shall be observed for large crystals with sufficiently
slow diffusion and gas desorption. The relaxation process is independent in each
crystal thus resulting into a multi-exponential decay. Results could be analyzed
using de-convolution or fitting by the formula derived similarly to Eq. 2.27. An-
other possible way is to use the correspondence between relaxation and chemical
shift in similar way as it was done for diffusion in the previous chapter.

Based on the calculation above, the simulation code for spectrally resolved dif-
fusion measurement prepared in our article [76] was adapted to calculate relative
crystal weights in order to simulate powder patterns influenced by relaxation.
The spectrally resolved diffusion measurement simulation was described in the
section 4.3.3. The original ZCW algorithm remained but the calculation of crys-
tal weights was changed. For simplification, only Eq. 4.46 was used to calculate
weights of crystallites. The simulation procedure was repeated for set of recovery
times from 0 up to 250 s with κ⊥ and κ∥. The concept was tested for κ⊥ = κ∥
(see Fig. 4.15). The whole simulated 13C spectrum of CO2 in DMOF-1 flips from
negative to positive values with rising recovery time as the simulated magnetiza-
tion returns to the thermally equilibrated state.
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Figure 4.15: Simulation of the static 13C spectra for CO2 adsorbed in C4-symmetric
MOF with isotropic distribution of crystal orientations. The spectra correspond to
inversion recovery experiment. The spectral density was chosen to be isotropic κ∥ =
κ⊥ = 0.01 s−1. The lines represent different values of recovery time equal to 0 (full
line), 10 s (dashed), 25 s (short-dashed), 50 s (short-dotted), 100 s (dotted) and 250 s
(dash-dotted).

The powder pattern is affected in a characteristic way depending on the rel-
ative values of κ∥ and κ⊥. For κ∥ < κ⊥ the left side of the spectrum declines
faster. It is caused by faster relaxation of nuclei in the crystallites with channels
oriented perpendicular to the external magnetic field. NMR signal of the nuclei
corresponds to the left side of the spectrum. For κ∥ > κ⊥ the right side declines
faster (see Fig. 4.16). Signal on the right side of the spectrum originates from
crystallites with oriented parallel to the external magnetic field.

In both cases, there is a range of recovery times when one side of the spectrum
is positive, while the other side remains negative.
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Figure 4.16: Simulation of the static 13C spectra for CO2 adsorbed in C4-symmetric
MOF with isotropic distribution of crystal orientations. The spectra correspond to
an inversion recovery experiment. Tensor components vary: (a) κ∥ = 0.016 s−1 and
κ⊥ = 0.004 s−1 (b) κ∥ = 0.004 s−1 and κ⊥ = 0.016 s−1. The lines represent different
values of recovery time equal to 0 (full line), 10 s (dashed), 25 s (short-dashed), 50 s
(short-dotted), 100 s (dotted) and 250 s (dash-dotted).
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4.4.3 Contribution from different relaxation mechanisms

The common nature given by the interaction contributions to the Hamil-
tonian (Eq. 4.20) allows the discussion of similarities and differences between
the 3 investigated interactions. Let us focus on the auto-correlation functions
Ki (t) ·Ki (t+ τ). The processes modeled by MD are fast on time scale given by
inverse of ω0 at magnetic fields common in NMR experiments. If the autocorrela-
tion function converges to zero on this time scale, the Fourier transformation can
be replaced by a simple integration of the area under autocorrelation function.

κij ≈
∞∫︂
0

Ki (t+ τ)Kj (t) dτ (4.47)

The discussion of the processes contributing to the relaxation will be based
on the diffusion coefficient values determined in section 4.3. The MD-calculated
values of diffusion tensor components are

D∥ = 3.1 · 10−8 m2 s−1

D⊥ = 2.7 · 10−9 m2 s−1

The correlation time characterizing the correlation functions was calculated. Us-
ing Eq. 2.53 one can estimate the mean square displacement during the correla-
tion time. Since there was no anomalous diffusion observed, the root mean square
displacement corresponds to the distance traveled by CO2 molecule during the
process responsible for loss of correlation.
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4.4.4 Direct dipole-dipole interaction with 1H nuclei
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Figure 4.17: Autocorrelation functions of sum of contributions from dipole-dipole
interactions between investigated 13C nucleus and 1H nuclei in the system. It was
averaged over 35 CO2 molecules corresponding to 1.3 CO2 molecules per u.c. Simulation
conditions correspond to temperature 300 K.

The autocorrelation function of dipolar interaction with 1H nuclei is given
in Fig. 4.17. It was calculated from the MD trajectory for 300 K and 1.3
CO2 per u.c. of DMOF-1. The other loading and temperatures show qualitative-
ly similar result. The anisotropy of Zn2(BDC)2(DABCO) is clearly observable
- Kc (t) ·Kc (t+ τ) decays faster compared to the other two components. The
behaviour remained same for all the simulation conditions.

Let us look closer to the nature of the autocorrelation functions (see fig 4.18).
There are two processes that can be observed - two slower ones (correlation time
ca. 13 ps for Ka (t) ·Ka (t+ τ) and 8 ps for Kc (t) ·Kc (t+ τ)) and faster one
(correlation time ca. 1.5 ps for both Ka (t) ·Ka (t+ τ) and Kc (t) ·Kc (t+ τ)).

The root mean square displacement in the channel direction during 1.5 ps is
approximately 3 Å. This is well comparable with the distance between adsorption
site II and closest adsorption site I. So the faster process can be interpreted as
a jump from the adsorption site II to the adsorption site I. The large change of
dipolar field is caused by the proximity of protons in phenyl rings to the adsorp-
tion site II.

The slower process is anisotropic with respect to the correlation times - the
loss of correlation of Kc (t) ·Kc (t+ τ) is faster comparing to Ka (t) ·Ka (t+ τ)
and Kb (t) ·Kb (t+ τ). The root mean square displacement in the channel direc-
tion during the above mentioned 13 ps is ca. 9 Å. Since the size of the DMOF-1
crystal unit cell is c = 9.6 Å, this process can be identified as diffusion between
neighboring unit cells of the DMOF-1 crystal.
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Figure 4.18: Autocorrelation functions from Fig. 4.18 plotted in logarithmic scale.
Both the curves κ⊥ and κ∥ were fitted with two mono-exponential fits to obtain cor-
relation times of corresponding processes. The independent mono-exponential fits of
the initial and the final part of the decay were more efficient comparing to single bi-
exponential fit.

Apparently, even after moving to a new crystal unit cell, the molecule is af-
fected by the dipolar field of protons from the unit cell neighboring to the one
which it left. Let us look, what happens with the direction of the vector connect-
ing the 1H and the 13C nuclei eee (as it is used in Eq. 2.32). Since the molecule
moves predominantly in the channel direction and most likely remains within the
same channel, the ea and eb components are likely to remain with same sign. On
the contrary, the ec component changes its sign if it moves from the adsorption
site to the adsorption site in neighboring unit cell. Therefore the contributions
to Ka (t) ·Ka (t+ τ) and Kb (t) ·Kb (t+ τ) are correlated while the contribution
to Kc (t) ·Kc (t+ τ) is anticorrelated. This causes the observed anisotropy in the
loss of correlation.
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4.4.5 Spin rotation interaction

The auto-correlation of the spin-rotation interaction shows different prop-
erties (see Fig. 4.19). Its amplitude is almost 2 orders of magnitude higher
compared to the dipolar interaction. However, the correlation decays very fast,
effectively being lost in ca. 2 ps. The decay is not purely exponential since
there are oscillations of the Ka (t) ·Ka (t+ τ) and Kb (t) ·Kb (t+ τ) components.
Kc (t) ·Kc (t+ τ) decays mono-exponentially with the correlation time of 0.2 ps.
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Figure 4.19: Autocorrelation function of 13C spin-rotation interaction as derived from
MD simulations of CO2 in DMOF-1. The three components to the autocorrelation
function were determined by averaging over 35 CO2 molecules corresponding to 1.3
CO2 molecules per u.c. Simulation conditions correspond to temperature 300 K.

The reason for the oscillation of Ka (t) ·Ka (t+ τ) andKb (t) ·Kb (t+ τ) is na-
ture of the spin-rotation interaction. While the spin-rotation tensor CCC is modulat-
ed by molecular reorientation similarly to the CSA tensor, the molecular angular
momentum JJJ is affected by fast libration motion within the adsorption site I.
To a certain degree, the CO2 molecule resembles a small pendulum. Oscillations
of the pendulum results into quasi-periodical changes of the angular momentum
direction. Since they are faster compared to the changes of the spin-rotation
tensor the oscillation of JJJ dominates loss of correlation in the spin-rotation au-
tocorrelation function. On the contrary, a CO2 molecule is free to rotate around
its axis. The axis is aligned with the channel direction so the loss of correlation
of Kc (t) ·Kc (t+ τ) can be characterized as diffusive process.

The spectral density calculated as Fourier transform of the autocorrelation
function is quite unusual in this case (see Fig. 4.20). Apart of noise, κ∥ is
Lorentzian function as for most of relaxation process in NMR. κ⊥ is non-Lorentzian.
Except of one peak corresponding to f0 = 0, there are two peaks corresponding
to f0 = ±1.2 ·1012 Hz. The peaks are the consequence of the oscillation of the au-
tocorrelation function. Their distance from the central peaks correspond roughly
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to the frequency of the oscillations.

-s.0-1012 -2 .s-1012 o 2.s-1012 s.0-1012 
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Figure 4.20: Spectral densities κ⊥ (black line) and κ∥ (green line) of the spin-
rotation interaction fluctuation as calculated from MD. The line-broadeing of 1010 Hz
was applied to the spectra.
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4.4.6 Chemical shift interaction

Fig. 4.21 shows autocorrelation function of chemical shift for 13C with res-
onance frequency 100.63 MHz. It does not converge to zero. The reason is
the very same as in the case of observed chemical shift anisotropy in 13C NMR
spectra - preferential orientation of molecular axis in the channel direction. The
asymptotic values of the autocorrelation functions characterize the orientational
distribution of CO2 in Zn2(BDC)2(DABCO) in similar way to residual chemical
shift anisotropy. However, they cannot be transformed to each other.

5.0·109 

....., Ka · Ka 
N 

N Kb Kb 
4.0·109 Ke. Ke '!Z 

'!Z 
C: o 3.0·109 ·.;:; 
u 
C: 
::, 

li-
C: o 2.0·109 ·.;:; 

Qj 
L. 
L. o u 1.0·109 o ..... 
::, 

o 10 20 30 40 50 
Correlation time [ps] 

Figure 4.21: Autocorrelation function of field fluctuations due to CO2 chemical shift
anisotropy. It was averaged over 35 CO2 molecules corresponding to 1.3 CO2 molecules
per u.c. Simulation conditions correspond to temperature 300 K.

Non-zero asymptotic values make prediction of T1 from MD hard or even im-
possible. On the timescale given by MD calculation there is no motion which
would result into a decay of correlation. However there can be other processes
on longer timescales, e.g. diffusion between crystals, adsorption-desorption pro-
cesses, diffusive processes on crystal imperfections etc. The processes can occur
on time scale comparable with Larmor precession thus having a much stronger
influence on nuclear magnetisation.

Let us return to the timescale covered by MD simulation. Redfield theory
requires the mean values of the fluctuations to be zero, which is not fullfilled by
the definition given by Eq. 4.20 for the case of chemical shift interaction. The
fluctuation can be redefined as

K ′
a (t) = Ka (t)− ⟨Ka⟩ (4.48a)
K ′
b (t) = Kb (t)− ⟨Kb⟩ (4.48b)

K ′
c (t) = Kc (t)− ⟨Kc⟩ (4.48c)

The definition can be further used to calculate relaxation times as it would be
in ideal infinite crystal of Zn2(BDC)2(DABCO). See Fig. 4.22 for the redefined
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autocorrelation functions.
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Figure 4.22: Autocorrelation of redefined chemical shift fluctuations. It was aver-
aged over 35 CO2 molecules corresponding to 1.3 CO2 molecules per u.c. Simulation
conditions correspond to temperature 300 K.

Similarly to dipole-dipole interaction there are two processes. There is faster
anisotropic process with correlation time around 0.4 ps for Ka (t) ·Ka (t+ τ) and
0.7 ps for Kc (t) ·Kc (t+ τ). The root mean square displacement during 0.7 ps is
ca. 2 Å so it can be concluded that the loss of correlation results from motion at
adsorption site I.

The other process was isotropic with correlation time ca. 3.7 ps for all direc-
tions. The corresponding root mean square displacement is ca. 4.8 Å. The loss of
correlation can be attributed to jumps from adsorption site I either to the other
adsorption sites I or to adsorption site II.
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4.5 Comparison of 3 main relaxation mechanisms
Let us look to a more general picture comparing the contributions of the 3

most important processes to longitudinal relaxation (see Fig. 4.23). The results
were calculated using approximated Eq. 4.47. The contribution given by non-
zero asymptotic values of chemical shift autocorrelation was neglected - only the
area between autocorrelation function and the asymptote was counted.
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Figure 4.23: Contribution of 3 main interactions to longitudinal relaxation of 13C nu-
clear magnetization of CO2 in Zn2(BDC)2(DABCO). The contributions were calculated
from MD for Larmor frequency of 100.63 MHz and loading 1.3 CO2 molecules per unit
cell. The interactions are distinguished by colors - Chemical shift anisotropy by
red, dipole-dipole interaction with protons of MOF by green and spin-rotation
interaction by black. Contributions to κ∥ are denoted with empty rectangles □ while
contributions to κ⊥ are denoted with full circles •.

The predicted values of relaxation rates due to the dipole-dipole interaction as
well as chemical shift are decreasing with rising temperature. The contribution of
the spin-rotation interaction to the relaxation rate rises with rising temperature
which is the common behaviour for small and mobile molecules. However, even
for the highest investigated temperatures the fluctuations of chemical shift tensor
remain the main source of longitudinal relaxation.

Most surprisingly, all the spectral densities and thus the respective contribu-
tions to the longitudianl relaxation rate are rather small compared to other mate-
rials or even to gaseous CO2[77]. When there is no other process acting on slower
timescale, the relaxation time T1 would be in orders of tens or even hundreds sec-
onds. There are several reasons for the behaviour. The main relaxation mecha-
nisms are simply hindered by interactions affecting CO2 in Zn2(BDC)2(DABCO).
The dipolar interaction with 1H remains weak since the adsorption sites I hold
CO2 far from protons (and dipole-dipole interaction decays rather fast with dis-
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tance). The spin-rotation interaction represents the main reason of nuclear re-
laxation in gaseous CO2. However, within Zn2(BDC)2(DABCO) it has very short
correlation time since the molecule in adsorption site I cannot freely rotate.

Such long relaxation times can lead to interesting applications of DMOF-1.
When there would be a possibility to synthesize large crystals of DMOF-1, they
could be used as a storage of nuclear magnetization. Due to high diffusivity of
CO2 in Zn2(BDC)2(DABCO)magnetized 13CO2 can be easily retrieved from the
crystals.

The ratio between spectral densities κ∥
κ⊥

stays relatively stable with tempera-
ture although for spin-rotation interaction there is a small relative growth of κ⊥
for higher temperatures. Dipole-dipole interaction stays mostly isotropic, inde-
pendent of crystal orientation. For chemical shift and spin-rotation interaction
movement in the channel direction plays more important role.
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4.6 NMR relaxation experiment

We have attempted to compare the MD calculations with the prediction NMR
relaxation experiment, however the comparison did not provide confirmation of
the theoretical prediction. The measured spectra showed no correlation between
crystal orientation and relaxation rate (see Fig. 4.25). Hence, only averaged val-
ue of relaxation rate R1 was recorded.
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Figure 4.24: Inversion recovery experiment measured on a sample with loading of
1.3 CO2 molecules per unit cell at 290 K. 13C resonance frequency was 100.63 MHz.
The lines represent different values of recovery time equal to 10 ms (full line), 200 ms
(dashed), 500 ms (short-dashed), 1 s (short-dotted), 2 s (dotted) and 4 s (dash-dotted).

These measured relaxation rates are two to three orders of magnitude higher
compared to the MD calculation (see Fig. 4.25). The measured relaxation rate
grows with temperature in contrary to chemical shift anisotropy which is the
strongest interaction in the MD calculation.

13C Relaxation rate of free 13CO2 gas grows with temperature since it is mainly
result of the spin-rotation temperature. It can be estimated using Eq. 4.49
proposed by Etesse [77].

T1 = 6817.84 · ρ√
T

· σJ
σGeom

(4.49)

ρ represents molar density of the gas, T is temperature, σJ is cross-section for
transfer of angular momentum (57,8 Å2 [77]) and σGeom represents geometric
cross-section (4πa2, a = 2.326 Å). The estimated magnetization relaxation rate
in free gas is less than one order of magnitude bigger than relaxation rate mea-
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sured in the sample.

10 I I I I I I 

1 • • - • -• • • • • • • 
........ 
N 
I 0.1 ....... - -

T""" a: 

• 
0.01 - • • • -

• • • • • 
• 0.001 I I I I I I 

180 200 220 240 260 280 300 320 
Temperatura [K] 

Figure 4.25: Black dots indicate averaged relaxation rates of CO2 adsorbed in
Zn2(BDC)2(DABCO) crystals as measured for resonance frequency 100.63 MHz. The
loading was 1.3 CO2 molecules per unit cell at 300 K. The red line represents estimated
relaxation rate of free CO2 gas with density of 60mol ·m−3. The green dots represent
relaxation rates of CO2 adsorbed in DMOF-1 as calculated from MD simulation. Con-
tributions to κ∥ are denoted with empty rectangles □ while contributions to κ⊥ are
denoted with full circles •.

The difference between MD-calculated and NMR-measured values appears to
be caused by exchange of CO2 between phase adsorbed in the DMOF-1 crystals
and gas surrounding the crystals. 13C nuclei are likely to relax during the time
when CO2 molecule remains outside of the crystals. Since CO2 relaxation in gas
is driven by fluctation of the spin-rotation interaction it grows with growing tem-
perature.

It would be possible to ask what is the necessary minimum crystal size to
measure relaxation rates of CO2 in Zn2(BDC)2(DABCO). Calculated relaxation
time of CO2 adsorbed in crystal oriented perpendicular to the static field is
ca. 770 s at 300 K. When this value would be used as the recovery time, root
mean square displacement during the experiment would be ca. 220 µm in the
channel direction. The crystal would have to be at least couple times greater so
crystals with size units of millimeters would be needed.
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5. Overview of CO2 mobility in
DMOF-1

The data from MD calculation offer a detailed overview of CO2 dynamics in
DMOF-1 at low loading. A brief of the typical motions can be found on Fig. 5.1.

Figure 5.1: Schematic description of dynamic processes undergone by CO2 molecule
within Zn2(BDC)2(DABCO) as provided by molecular dynamic simulation. Yellow
areas approximately cover the adsorption sites I and II where CO2 spends most of its
time. The cyan color correspond to approximate angular distribution of CO2 molecular
axis. Description of the arrows indicates mean time to finish one jump or one period
of oscillations. The characteristic times in the picture are calculated from the diffusion
data for 2 CO2 per u.c. at 300 K together with spectroscopic and relaxation data for
1.3 CO2 per u.c. at 300 K.

The CO2 molecule diffuses within the crystal but most of the time it is stay-
ing in adsorption site I. Within the adsorption site I, the molecule performs fast
librational movements with period of 1.6 ps as it was calculated from the decline
of chemical shift autocorrelation function. Its equilibrium orientation is parallel
to the channel direction. CO2 is also sometimes caught for a short time in an
adsorption site II. The mean residence time within the adsorption site II is about
1.5 ps as it was calculated from the hydrogen dipolar field autocorrelation func-
tion.
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The molecule performs jumps between adsorption sites I in the channel direc-
tion on average every 7.4 ps as it was calculated from D∥. However, sometimes
the molecule leaves adsorption site I so it is able to rotate freely for a moment
but returns to the same adsorption site it left previously. This process takes place
every 3.7 ps on average as it was calculated from the chemical shift autocorre-
lation function. Jumps between the adsorption sites I within the same unit cell
appear every 13 ps on average as it was calculated from the hydrogen dipolar
field autocorrelation function.

The dynamics of CO2 adsorbed phase in DMOF-1 most of all resembles a
dynamics of liquid crystal enclosed in channels. As in the liquid crystal CO2 tend
to keep spatial and orientational order. However their typical mutual distances
are larger compared to traditional liquid crystals. Also the typical time scale of
dynamic processes is shorter compared to those in liquid crystals.

MD simulation provides trajectories, which are a rich source of data for vari-
ous statistical analyses. On contrary, the NMR experiments are by nature limited
to measurements of a few quantities. Hence, it is not possible to estimate all the
characteristic times from NMR as they are presented from MD statistical analy-
sis. A summary of conclusions from NMR can be found on Fig. 5.2.

The overall picture provided by NMR is less detailed but similar to the results
of MD. Despite their fast movement the CO2 molecules maintain their orientation
order. However, CO2 molecule needs longer time to perform a jump in the channel
direction (52 ps compared to 7.4 ps calculated by MD). Also the molecular axis
tends to be somewhat shifted outside from the molecular direction. The libra-
tional movement within the adsorption site I has effectively same period (1.7 ps)
as calculated by MD.

A possible explanation for such a difference would be stronger cooperative
attraction between CO2 molecule and the carboxylate groups of BDC. The at-
traction would prolong the mean time for leaving the adsorption site I. And it
could also stabilize the molecular axis in an orientation more aligned to C-O bond
of the carboxylate group (which does not follow the channel axis).

The mean time for CO2 molecular jumps between cells in the direction of
crystal channels is 52 ps which is longer compared to the value calculated by MD
(7.4 ps). On the other hand, the mean time for CO2 molecular jumps between
cells perpendicular the direction of crystal channels is 125 ps which is shorter
compared to the value calculated by MD (220 ps). These values were estimat-
ed from the measured D∥ and D⊥ so they can be affected by above mentioned
sources of uncertainities in diffusion anisotropy measurement.
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Figure 5.2: Schematic description of dynamic processes undergone by CO2 molecules
within Zn2(BDC)2(DABCO) as provided by NMR measurements. Yellow areas ap-
proximately cover the adsorption sites I and II as calculated from MD. The cyan color
corresponds to approximate angular distribution of CO2 molecular axis. The description
of the arrows indicates the mean time to finish one jump or one period of oscillations.
The picture is based on diffusion data for 2 CO2 per u.c. at 300 K together with
spectroscopic data for 1.3 CO2 per u.c. at 300 K.
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Conclusion
A thorough investigation of dynamics of CO2 molecules adsorbed in microp-

ores of Zn2(BDC)2(DABCO)MOF is presented in this work. We combined two
main approaches: a theoretical one based on molecular dynamics simulations and
an experimental one based on NMR spectroscopy. The CO2 adsorption sites were
identified from the MD trajectories obtained by R. Schmidt and coworkers (Uni.
Bochum). The MD trajectories were further analyzed in this work in order to
extract the parameters that are possible to compare with observables of different
techniques of NMR spectroscopy.

The system of micropores consists of one-dimensional channels interconnected
by smaller windows that leads to anisotropy of some tensorial properties such as
motionally averaged chemical shift and translational diffusion tensor. Thus, three
major properties related to the CO2 dynamics were investigated: distribution of
orientation of CO2 molecules with respect to the channel direction, translational
diffusion and rotational diffusion.

Preferential CO2 orientation along the axis of the pore channel was deduced
from the MD trajectory and it was quantified in terms of order parameter char-
acterizing the CO2 orientational distribution. This phenomenon leads also to
an anisotropic lineshape in 13C NMR spectrum even though the molecule of
CO2 is swiftly reorienting. The order parameter received from experiment was
only slightly lower than its theoretical counterpart, which is ascribed to some
defects of MOF crystals that could be accounted for by the MD simulation. Fur-
thermore, a theoretical model assuming harmonic oscilations of the CO2 molecule
was derived in order to explain the unexpected temperature dependence of the
order parameter.

Analysis of the MD trajectory also revealed anisotropy of the translational
diffusion tensor. In order to achieve an experimental confirmation, a spectrally
resolved PFG NMR measurement utilizing gradient of different direction was im-
plemented. In this way it was possible to determine the diffusion anisotropy in
an unoriented sample consisting of many randomly oriented crystallites.

Properties of the CO2 molecular rotational diffusion was assessed by means
of the measurements of 13C longitudinal nuclear spin relaxation that provided
values close to 1 s that is much longer than the value characteristic for a free gas.
Obtaining a theoretical counterpart of the observable relaxation time required
multiple steps. Three possible active relaxation mechanisms were identified –
anisotropy of 13C chemical shift, intermolecular dipole-dipole interaction with
the MOF protons and 13C spin-rotation interaction. In order to relate the ob-
servable longitudinal relaxation time to the properties of molecular tumbling as
recorded in the MD trajectory, the corresponding equations based on the Red-
field theory were derived. Since the diffusion is anisotropic it was not possible
to use the published derivations using the spherical coordinates. Instead, a new
derivation of relaxation time formula for the three relaxation mechanisms were
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developed in the Cartesian space. It was found that CSA is a dominant mecha-
nism of 13C relaxation of the adsorbed CO2 in our samples but the relaxation is
extremely inefficient (T1 could be as long as 100 s). Thus calculation confirmed
that 13C relaxation of adsorbed species is much slower than in the bulk gas but in
real sample there some effects contributing to relaxation (such as crystal defects
on the long range) that are not accounted for by the MD simulation.

In this way, a very detailed insight into the dynamics of molecules of adsorbed
gas in an anisotropic microporous framework was obtained and several new rela-
tions explaining the observed propertied were derived.

Some of the used approaches were previously used for the studies of related
systems, CO or CO2 adsorbed in activated carbon fiber [78], clathrate [79, 80] or
Mg-MOF-74 [81]. However, there is no study describing temperature dependence
of residual orientation.

Diffusion anisotropy was measured in MOF crystals by e.g. Forse et al [65]
but the measured values were much larger than in this work and the spectroscopic
analysis was not used. NMR relaxation studies are quite common in the litrature
but they are performed in the spherical coordinates [82, 83, 84]. Our use of
the cartesian coordinates is exceptional and it is neccessary due to anistropic
diffusion of CO2. According to the author’s knowledge there is no study which
would combine molecular dynamics simulation with Redfield theory to assess
relaxation of gas adsorbed in MOFs.
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