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Zusammenfassung

Im Rahmen der vorliegenden Dissertation wurden die dynamischen
Eigenschaften von aromatischen Wasserstoffverbindungen am Beispiel eines
typischen Vertreters, Ammonium Tetraphenylborat (ATPB), mit Hilfe von
quasielastischer inkoharenter Neutronenstreuung (QENS) in einem breiten
Temperaturbereich (20<T<350K) untersucht. In ATPB ist ein Ammonium-Kation
zwischen vier  Phenylringen  benachbarter = Tetraphenylborat-Anionen
eingeschlossen. Dabei dient jeder einzelne Phenylring als ein
Wasserstoffbindungsempfanger fir das Ammonium-lon. Zur Reproduktion der
QENS-Spektren  wurden  verschiedene  Modelle fur die lokalen
Diffusionsbewegungen des  Ammonium-lons und des Phenylrings
herangezogen.

Die Bewegungen des Ammonium-lons wurden als kontinuierlicher Ubergang
von quantenmechanischen Rotationen bei tiefen Temperaturen zu klassischen
diffusiven Rotationsbewegungen bei hohen Temperaturen interpretiert. Im
Temperaturbereich 67K < T < 350K rotieren die Ammonium-lonen um eine
C2/C3-Achse. Die Korrelationszeit variiert fir diese Bewegung von 12.5ps bei
T=350K bis 1253ps bei T=67K. Als Aktivierungsenergie der Rotationen des
Ammonium-lons wurde 3.2kJ/mol ermittelt. Dies zeigt, dass die Energiebarriere
fur eine Rotation der Ammonium-lonen extrem niedrig ist. Bei Temperaturen
unterhalb von 67K wurden quantenmechanische Rotationen der Ammonium-
lonen beobachtet. Dartber hinaus wurden im Rahmen dieser Studie Librations-
Anregungszustande von Ammonium bei 4.3meV und 8.2meV identifiziert.

Bei Temperaturen oberhalb von 200K zeigten sich auf der gemessenen
Zeitskala lokale diffusive Orientierungsbewegungen der Phenylringe. Diese
Bewegungen werden als Librationen aus der Ebene der Phenylringe heraus
bewertet. Umorientierungswinkel und Sprung-Frequenz der Librationen der
Phenylringe nehmen bei steigenden Temperaturen zu. Bei Raumtemperatur
betrug der Umorientierungswinkel der Librationen der Phenylringe 7+2° und die
Korrelationszeit 150+50ps. Dieses Ergebnis lasst die Vorstellungen von
aromatischen Wasserstoff-bindungen in einem neuen Licht erscheinen. Die
aromatischen Wasserstoffbindungen sind extrem flexibel und ermdglichen
sowohl dem Donator als auch dem Akzeptor Umorientierungen.






Abstract

In this work the dynamical properties of a prototypical example of the aromatic
hydrogen bond, ammonium tetraphenylborate (ATPB), have been studied by
quasielastic incoherent neutron scattering (QENS) in a broad temperature
range (20<T<350K). In ATPB an ammonium cation is trapped between four
phenyl rings of the two adjacent tetraphenylborate anions and each phenyl ring
serves as a hydrogen bond acceptor for the ammonium ion. Models for local
diffusive motions of reorientation of ammonium and the phenyl rings have been
considered to reproduce the QENS spectra.

The motions of the ammonium ions are explained as a continuous transition
from quantum—-mechanical rotations at low temperatures to classical diffusive
rotations at high temperatures. In a temperature range of 67K<T<350K
classical diffusive rotations of the ammonium ions around a C2/C3 axis were
found. The correlation time for this motion varies from 12.5ps at T=350K to
1253ps at T=67K and the activation energy was determined to be 3.2kJ/mol.
This result shows that the ammonium ions have to overcome an exceptionally
low barrier to rotate. At temperatures below 67K quantum—mechanical rotations
of the ammonium ions were observed. Additionally, in this work excited
librational states of ammonium were identified at 4.3meV and 8.2meV.

At temperatures above 200K local diffusive motions of orientation of the phenyl
rings were found within the experimental time-window. These motions of the
phenyl rings are explained as librations out of the plane. The reorientation angle
and the jump rate of the librations of the phenyl rings increase with increasing
temperatures. At room temperature the librations of the phenyl rings were found
to have a reorientation angle of 7+2° and a correlation time of 150+50ps. This
result sheds new light on the phenomenon of aromatic hydrogen bonds showing
that they are extremely flexible and allow for reorientation of both, the donor and
the acceptor.
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1 INTRODUCTION



1.1 Hydrogen bonding — a fascination forever

For the first time the idea of hydrogen bonding was presented by Latimer and
Rodebush [1] in 1920. Even decades later, H-bonding still fascinates
researchers in the fields of physics, chemistry, biology and material science
and thus each year thousands of papers are published on this topic. The
fundamental importance of the H-bonds is based on their role in molecular
association as their functional importance is derived from both thermodynamic
and kinetic reasons. Although the H-bond is stronger than most other
intermolecular forces, it is much weaker than for instance the ionic bond or the
covalent bond. The intermediate energy range that the H-bond covers, allows it
to associate or dissociate quickly at ambient temperatures. These
characteristics provide conditions which are necessary for biological reactions.
On the other hand, the H-bonds are able to control and direct the chemical
structures because they possess some degree of orientational preference and
sufficient strength. For these reasons, the H-bonding remains as an interesting

and significant phenomenon to research.

1.2 The principle of hydrogen bonding

The H-bond is based on an attractive intermolecular interaction that exists
between two partial electric charges of opposite polarity. As the name
"hydrogen bond" implies, one part of the bond involves a hydrogen atom. The
hydrogen atom must be attached to a strongly electronegative atom, like
sodium or oxygen, which is called the H-bond donor. This electronegative atom
attracts the electron cloud of the hydrogen atom and, by decentralizing the
cloud, leaves the hydrogen atom with a positive partial charge. Because of the
small size of the hydrogen atom, the partial charge represents a large charge
density. An H-bond is formed when subsequently the strong positive charge
density attracts a negative partial charge of another atom or molecule, which
then becomes the H-bond acceptor. The H-bonds can be described following:

X—H...A, where X is the donor and A is the acceptor in the H-bond.



1.3 Definition of aromatic hydrogen bonding

The H-bonds can be classified depending on the nature and the interaction
strengths of the donor and the acceptor groups. With respect to the main
interest of this work, only the category of n-acceptors will be considered here. In
systems with n-electrons, like multiple bonds C=C and C=C or aromatic rings,
the negative charge of their n-electron cloud can serve as an acceptor for the
H-bond (a detailed description of the H-bonds with the m-acceptors can be
found in literature e.g. [2]). The most important n-acceptors are the phenyl (Ph)
groups, which occur in a wide range of chemical substances from

organometallic to biological molecules.

The n-electrons of the aromatic rings are localized on the both sides of the flat
ring, so that there is a small negative partial charge on the face of the ring and a
small positive partial charge on the hydrogen atoms on the edges as shown in
Fig 1-1. The negative partial charge on the face of the phenyl ring can attract a
molecule or ion, where the hydrogen atom has a positive partial charge, and

thus an aromatic hydrogen bonding” arises.

% HOt
H 8
O+ o+
H
5+

Fig 1-1 Charge distribution of the phenyl ring.

" more precisely X—HPh



1.4 Aromatic hydrogen bonding in literature

Both theoretical calculations and experimental studies have been performed to
understand the nature and the properties of the aromatic H-bonds. Levitt and
Perutz have shown in their theoretical study [3] the existence of a significant
interaction between an H-bond donor and the centre of an aromatic ring, which
is about half as strong as a normal H-bond. A few years later Worth and Wade
have performed force-field calculations for an aromatic H-bond, which explained
that the potential energy surface is shallow over a very large region, and the
donor can move over the entire face of the aromatic ring with only small energy
changes [4]. In some structural studies [5], [6], [7] it has been shown that the
donor X—H points time average to the midpoint of the aromatic ring, but there
are as well examples of very off-centred arrangements, where X—H apparently
points to a particular aromatic C—C bond [8] or even to an individual C atom
[9]. These results indicate that the directionality of the aromatic H-bond is

extremely flexible.

The theoretical calculations for the potential energy minimum of the aromatic H-
bond vary roughly from 2kcal/mol to 4kcal/mol. A congruent description of the
aromatic H-bonds has not yet been found. Desiraju and Steiner concluded the
main absences of such a description in their book The Weak Hydrogen Bond In
Structural Chemistry and Biology [10]: “So far a concurrent theoretical model for
the aromatic H-bond is to be determined, and especially the bond geometry that

represents the global energy minimum is still to be established.”

On the other hand a number of studies have been published on the function and
significance of aromatic H-bonds in biological systems. In fact, a study of the
interactions of drugs with human haemoglobin [11] first suggested that the
interaction between an amino group and phenyl rings could be described as an
H-bond. This discovery motivated Burley & Petsko [12], [13] to search for similar
interactions between 33 highly refined protein structures. They concluded that



such a NHPh interaction is more favourable than the typical non-bonding

aromatic-aromatic interaction” and it occurs more frequently than random.

Furthermore, several examples have shown that the aromatic H-bonds play a
role in both, the protein structure and the ligand binding interactions, as well as
in some specific protein-DNA interactions [14], [15], [16] & [17]. It was also
shown, that the strength of the aromatic H-bond, which varies between 2 and
4kcal/mol as the existing physical models propose, significantly contributes to
the energy of protein stabilization which is in range of 5 to 10 kcal/mol [18].
Finally, determination of a concurrent theoretical model of the aromatic H-bond
would shed new light on the question about the role of the aromatic H-bonds in

biological systems.

1.5 Ammonium tetraphenylborate

With respect to the aromatic hydrogen bonds, tetraphenylborate salts are a
particularly interesting substance class. The tetraphenylborate anion' is a
quintessential example of n-acceptors. Bakshi et al. [19] have calculated that in
this anion, each phenyl ring caries a delocalized partial charge of 0.19 ¢, making
them very capable aromatic acceptors. In consequence tetraphenyl-borate salts
have been extensively used as model systems for studies. The simplest
member of this category, ammonium tetraphenylborate’ (hereafter called

ATPB), is a prototypical system to understand aromatic H-bonds.

) about 1-2kcal/mol
l B(CeHs)s
NH4B(CgHs)4



Fig 1-2 ATPB molecule.

Steiner et al. [6] have characterized the structure of the ATPB by neutron
diffraction. An ATPB molecule contains a tetraphenylborate anion and an
ammonium cation, like shown in Fig 1-2 . Boron is located in the middle of the
anion with the four phenyl rings attached around it. The covalent angles around
the B atom are significantly distorted from tetrahedral geometry so that the

phenyl groups form pairs of two almost perpendicular aromatic rings.

The ATPB crystals have tetragonal unit cells, with point group]ZZm. The

cations and anions are arranged in chains along the tetragonal c axis, like

illustrated in Fig 1-3. In these chains two neighbouring B(C,H), anions form an

aromatic cage, inside which the NH, cation is located. Each of the N*-HPh

interactions can form an aromatic H-bond. The chains are arranged in the unit
cell as shown in Fig 1-4 . Between the chains, there are short lateral contacts in
a diagonal plane of the unit cell. In these contacts, phenyl rings form

herringbone-type PhPh interactions.



Fig 1-3 ATPB chain along c-axis.

a=b=11.2255A

it cells of ATPB

Fig 1-4 Four un



1.6 Outline of this work

In the following chapter the theoretical aspects of neutron scattering are
described in detail. The basic principles of neutron scattering are introduced
and the development of the dynamical expressions of neutron scattering is
outlined. Special focus is on the quasielastic incoherent neutron scattering.

Finally scattering functions for different types of motions are separated.

The third chapter begins with a description of sample preparation. Then the
principle of a time-of-flight multichopper spectrometer is introduced, and this is
followed by some details about the spectrometer NEAT. Additionally, some
aspects of data processing are mentioned in this chapter and specified in

Appendix B. Finally an overview of the measured data is given.

The fourth chapter includes data analysis and results. Several models for both
the motions of the ammonium ions and the phenyl rings are developed to
interpret the experimental data. Deuteration of the ammonium ion is used as a
tool to separate the motions of the phenyl rings from those originating from the
ammonium ions. The experimental data were reproduced by the theoretical
models which explain the motions of the ammonium ions and the phenyl rings in

a broad temperature range.

In the last chapter the results are discussed and an outlook for further

investigations is given.



2 THEORETICAL ASPECTS OF NEUTRON
SCATTERING



Neutron scattering is a powerful tool to probe the microscopic dynamical and
geometrical properties of condensed matter. The energies of cold and thermal
neutrons are of the order of microscopic excitations in condensed matter and
the wavelengths of cold and thermal neutrons are comparable to the
intermolecular distances. Neutrons have no electrical charge and can thus
easily and deeply penetrate the material, since there is no Coulomb interaction

between the neutrons and the nuclei of the sample.

Quasielastic incoherent neutron scattering (QENS) is an especially appropriate
method for the study of the dynamical properties of the ATPB molecules, as it
contains many hydrogen atoms, which have the largest incoherent neutron

scattering cross section.

2.1 Properties of neutrons

Neutrons are uncharged particles with a massm = 1,675-10 g . The energy

E of a neutron with a velocity v is just its kinetic energy

E =1mv’ Eq 2-1

and its momentum p is

p=my Eq 2-2

Neutrons can also be considered as plane waves and according to the de
Broglie relations plane waves can be described by a wave vector £ and a

wavelength 4

- p Eq 2-3
h

10



d

Eq 2-4
A

S| =

Thermal neutrons are produced by fission in a nuclear reactor and thermalized
with a moderator at a temperature 7. Due to the Maxwell law their average

thermal energy amounts to

E=3%k,T Eq 25

where k3 is the Boltzmann constant. Cold neutrons are obtained by equilibration
at very low temperatures in a cold source. The energies and wavelengths of

cold neutrons are roughly in the range of

0.8meV < E < 5meV Eq 2-6

10A> 1 > 4A Eq 2-7

2.2 Kinematics of neutron scattering

Neutron scattering events are described by means of energy and momentum

transfer. The kinematics of a neutron scattering event is shown in Fig 2-1.

Pos Ey

Fig 2-1 Neutron scattering kinematics in real space (left) and in reciprocal space (right).

A neutron with incident momentum p, and incident wave-vector k, has an

incident energy

11
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After interactions with the sample the neutron scatters to the direction 26, with a
momentum p,, a wave-vector l?l and energy E,. As with any particle scattering

technique, the energy and the momentum conservation are the two basic
principles of neutron scattering. The energy conservation allows to define the

energy transfer of the incident and scattered neutrons

Eq 2-9

2 — —
ho=E; -E,= ;’m (k7 —k2)

Eventually, the momentum conservation makes it possible to define the

scattering vector Q

hQ =D, =Dy = hl;] —hl;a Eq 2-10

O is often also called as momentum transfer. The magnitude of O is related to

the incident and scattered neutron energies and to the scattering angle 26 as

follows

om Eq 2-11

o’ _h—Z(E,) +E,-2,JE,E, cosZH)

Both the sign and the magnitude of the energy transfer are used to classify the

neutron scattering event, as shown in Fig 2-2 [20].

12



al
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measured intensity ———s-

b)

c)

> Of

elastic resolution

hw <0

Fig 2-2 A neutron scattering spectrum as a function of the energy transfer. The elastic
peak is shown with its experimental energy resolution width. The momentum conservation
triangles are shown for processes of a) neutron energy loss, b) elastic scattering and c)

neutron energy gain.

hw> 0

Neutron scattering is considered elastic, when Ahw=FE;-Ey= 0, i.e. the neutrons

do not change their energy in the scattering process. If neutrons either gain (i.e.

Ahw>0), or loose energy (i.e. 4hw<0) in the scattering process, the scattering is

called inelastic. The Doppler-like broadening of otherwise elastically scattered

neutrons (for instance, due to the reorientational or translational diffusive

motions of particles in the sample material) is called quasielastic neutron

scattering (QENS).

2.3 Dynamics of neutron scattering

When an incident neutron encounters the sample it will

a) pass through the sample without changing its physical features, or

b) be absorbed by the nucleus, or

c) be scattered by a nucleus.

13



To develop a model of the interaction between incident neutrons and nuclei of
the sample, it is necessary to derive the proper formalism from the quantum
mechanical scattering theory. While the following chapter will present an outline
of this procedure, a more detailed description can be found in literature, e.g.
[21] and [22].

2.3.1 Fermi pseudopotential

The nucleus-nucleus interaction is known to be of the order 107*-107"°m which
is significantly smaller than the wavelength of the cold neutrons . Waves of any
kind scattered by an object considerably smaller than the wavelength of the
scattered waves are spherically symmetric i.e. the scattering is isotropic.
Therefore the scattering event can be characterized by a single parameter
called scattering length, 5. The scattering length of each atom-type is different,
as well as that of each isotope. Furthermore, the relative spin orientation of the
nuclei has an effect on the scattering length. The scattering lengths are
experimentally determined values, given e.g. in reference [23] and [24]. The

interaction between a neutron located at 7 and a nucleus with the scattering

length b; at the position ﬁj can be modeled with the Fermi pseudopotential. For

a system with numerous nuclei, the Fermi pseudopotential is given as a sum of

individual neutron-nuclei interactions

Eq 2-12
2 h’

V(F) = >b,6(F~R,))

n

where the sum is built over all the nuclei present in the sample. The Fermi
pseudopotential is an appropriate approximation for the potential that is both

short ranged and gives the right symmetry for the scattered waves.

’ of the order 10™°m

14



2.3.2 Neutron scattering cross-section

The quantity measured in a neutron scattering experiment is the double

differential cross-section

a 20— Eq 2'13
OQ0E,

that gives the proportion of neutrons with an incident energy E, scattered into a

solid angle element d©2 with an energy between E; and E;+dE;.

scattered beam
E

Fig 2-3 Scattering geometry from a single core

The geometry of the scattering experiment is shown in Fig 2-3 . An incident
neutron with a wave vector k, is scattered into a state with wave vector &, .
Before and after the interaction with the neutron, the sample can be described

by the quantum states A,and A, respectively. The probability that the

combined state of the neutron and the sample makes the transition from the

initial state|k, 4, ), to the final state

k,4,)is given by Fermi's Golden Rule

2 e a2 Eq 2-14
% ngoﬂo—’lgpﬂ] :7/)/;1 ‘<k1/11‘V|k0/10>‘
1
in dQ
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where P, is the density of the final states of the neutrons described by IEJ in dQ

and V is the interaction potential between the nuclei in the sample and the
neutron. Using the Born approximation for the cross-section, the double

differential cross section (Eq 2-13) is given

Eq 2-15

d’c k
8Q8E k(l) ﬂz pi ‘<k1/1]‘V|k010 ‘ 5(ha)+E/10 _Eﬂvl)

where the &-function is included to ensure the energy conservation with the

neutron energy transferfw, the initial sample energyElo and the final sample
energy £, . P, is the probability that the initial state of the sample is 4. This

probability is given by Boltzmann distribution

_ _ Eq 2-16
P, =€ Eﬂ”ﬂ, with ,BzL, and Z =Y e Eal
Z kyT o

kg is the Boltzmann constant, Z the partition function of the sample and T the

sample temperature.

After a further manipulation and including the Fermi pseudopotential, the double

differential scattering cross-section can be written as

Eq 2-17

2 . e
o'o 1 Z ; lJ‘<e—iQR,»(0)elQRj(f) >e—ia)tdt
0QOE, T 2xh ky 73

Where the average bj_.bi of bb, is used to describe the random isotope

distributions and random nuclear spin orientations. 5, and b; are the scattering

lengths of the j* and i” nuclei, R;(0)is the position operator of the i” nucleus at

th

time zero, R (¢)is the position operator of the j” nucleus at time t, and ( )
J

denotes a thermal average.
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2.3.3 Coherent and incoherent scattering

The average bb. for cases j=i and j#i is given as follows

Eq 2-18

— jEi—

b;b, = b’ andbb (b)

Then the Eq 2-17 can be written as a sum of two components, due to the

different mean values for cases j=i and j# as follows

oo _ 1 k]( ) ZJ‘< ~iOR; (0) iOR, (l)> —ier g, Eq 2-19
0Q0E,  2nh k,
—J= —iOR : iOR .
+Lﬁb22f<e o0, QRJ(’)>e o gt
27 k, ;i

While the first part of the sum gives the correlations between the positions of
the same nucleus at different times and the correlation between the positions of
different nuclei at different times, the second part of the sum only gives the
correlation between the positions of the same nuclei at different times. This
leads to the introduction of coherent and incoherent scattering, related to the
terms of the sum in Eq 2-19 respectively. Contrary to incoherent scattering, the
waves scattered from different atoms of the same crystal can interfere in
coherent scattering. This can be explained by the fact that the neutron
interacting with the sample does not see a crystal of uniform scattering
potential. Instead the scattering varies from one point to the next in the sample.

Only the average scattering potential can lead to interference effects, therefore
(E)2 can be used to describe coherent scattering. Since the deviations from the

average potential are randomly distributed, and thus they cannot lead to
interference effects, therefore incoherent scattering is proportional to the mean-

square deviation.

Consequently, the coherent and the incoherent scattering cross section into all

directions are defined as follows
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Ocoh = 47[(5)2 Eq 2-20

O ine =47z(b_2—l;2)

The scattering cross-section has the dimension of surface, and its unit is barn’.

Subsequently, the double differential cross section can be re-written

Eq 2-21

0’ _i0R(0) i0R,(0)\ i
o cthI< lQR,(O)elQRJ(f)>e ot g,

0Q0w 87r2hk
~iQR ;(0) iék,-(r>> —iot
+ JW e e ' “dt
87r2hk ZJ <

B 0’c N o’c
0Q0w ol 0Q0w e

The coherent scattering contains information about the correlation between the
positions of different nuclei and the collective excitations in a sample. The
incoherent scattering component can provide information about the individual
nuclei and single particle excitations in the sample. The different scattering
lengths of different atoms and isotopes, results to different scattering cross
sections. Hydrogen has considerably larger incoherent cross section compared
to all the other elements (see Table 1 ). Due to this property hydrogenous
materials are suitable to be studied by incoherent neutron scattering
techniques. The neutron scattering of ammonium tetraphenylborate is strongly
dominated by the incoherent scattering of hydrogen and since the main focus of
this work is on single particle properties, incoherent neutron scattering is a

suitable tool for investigations.

’ 1 barn= 10**cm?
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Element (Symbol) Geon (barns) Ginc (barns)
Hydrogen (H) 1.7599 79.91
Deuterium (D) 5.597 2.04
Carbon (C) 5.554 0.001
Nitrogen (N) 11.01 0.49
Boron (B) 3.54 1.70

Table 1 Thermal-neutron scattering cross sections of some elements for condensed matter
research by Sears [24].

2.3.4 Scattering functions

The pair-correlation function describes the position of nuclei in space and time,

and is given for N nuclei as

R ):%§<5{ﬁ+ﬁi(0)—1§j@)}> Eq 2-22

iLj

If j=i, the pair correlation function is called self pair-correlation function. The
space Fourier transformation of the pair-correlation function G(0,7)) is called

intermediate scattering function

5.1)= [G(R.1)e@ Eq 2-23
I(Q,t)= [G(R,1)e®"dR = %Z<e‘lQ‘Rf<0>e OR; (z)>

i,j

A time Fourier transform of the intermediate scattering functions leads to the
scattering function (also often called as a dynamic structure factor), that
provides information on the sample states as a function of energy and

momentum

Eq 2-24

S(0,0)= Lﬂ'h TI(Q,t}‘i“”dt
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Each of the functionsG(ﬁ,t), I(Q,t) and S(Qa)) can describe the sample

properties perfectly. However, only I(Q,t) and S(Qa)) can be experimentally

observed. Both of them can be divided into a coherent and an incoherent part

as a consequence of the reasons that were presented above.

With respect to the study presented in this work, it is reasonable to consider the

incoherent parts only

0 > (e70F0 0% Eq 2-25
]inc(Q!t):iz<e QRJ(O)eQRj(z)>
N =
_ N © —iO-R; OB . Eq 2-26
Sinc(Q’w):ﬁ%Z <€ QR/(O)eQRJ(f)>e—m)tdt
Jj=l-w

Consequently the relationship between the incoherent scattering function and

the incoherent double differential scattering cross section can be written as

oo ok ~
(aQaEJinc = 47h éNSinc(Q’w)

Eq 2-27

2.3.5 Detailed balance

The probability that a neutron gains an energy  is different from the probability

that a neutron looses an energy o in the scattering process. The scattering

function for neutrons gaining energy is related to the scattering function for

neutrons loosing energy with the detailed balance condition, the mathematical

form is given by

ho

S (0,0) =" S(0-0)

Eq 2-28
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The comparison with the experimental data requires a correction, in order to
observe the symmetric scattering function. Therefore the experimental data

must be corrected by a detailed balance factor

o Eq 2-29
SSyl’l’l(Q’a)) —e ZkBTSeXpQ,a))

sym

where S (Q,w)is the symmetric form of the structure factor that is invariant

under a change in sign of thew .

2.3.6 Separation of different motions

The incoherent scattering function includes the position vector of the scattered

neutrons R(z), which can be separated into two different components,

depending on the different types of motion

ﬁ(f)=fe () + u(z) Eq 2-30

ﬁ(t) is the displacement vector of the nucleus from its equilibrium position
inside the molecule due to the internal vibrations (zero-point motion).

7, (¢) describes the instantaneous location of this equilibrium position at a time t,

with respect to an externally fixed coordinate system. Thus 7, (#) can describe

the diffusive motions of the entire molecule and it can be separated into two
parts

P =7 @) +75 @) Eq 2-31

where 7 (t)is related to translational diffusion of the molecule and 7" (¢)is

related to rotational diffusion of the molecule around its centre of mass.
Furthermore a case of a solid material (like the used ATPB samples) is

considered. Then the centre of mass of the molecule is restricted to well-defined
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positions and thus translational diffusion usually does not occur on a time-scale
relevant for experimental observations. Around these well-defined positions
anyhow, small fluctuations occur as a result of thermal agitation. Therefore for a

solid sample can be written

R0 =7 i (1) =q 232

i, (t)is related to the thermal fluctuations and 7, is related to the translational

diffusion, which is not time dependent for a solid sample. In liquids translational
diffusion of the molecule can occur. In this case the term describing
translational diffusion is time dependent. However, this case is not discussed

here as the focus of this work is on the properties of solid samples.

When the molecule rotates around its centre of mass, it is very convenient to
describe the rotation by instantaneous jumps between several equilibrium
orientations. Moreover between the jumps, the molecule assumes an
orientation where small-amplitude rotational oscillations (librations) occur, which

depend on intermolecular interactions. Therefore

FR (1) =7y () +ii (1) Eq 2-33

7, (¢) is time dependent if several equilibrium orientations exist and time
independent if one precise equilibrium orientation occurs. i, (¢) is the deviation

vector, corresponding to the librations.

For a solid sample R(¢) can be expressed as

R(t) = P (8) + il (2) +1i, () +u(r) Eq 2-34

The intermediate incoherent scattering function can be written as

It (Q ) = <e—iQ[fR(0)+ﬁR(0)+1ZT(0)+12(0)]eiQ fR(t)+12R(t)+ﬁT(t)+:z(t)]> Eq 2-35
inc ' -
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The position vectorié(t) describes three different types of motion, which occur

on different timescales. Compared to intramolecular or lattice vibrations,

reorientations of molecules are rather slow processes. It is reasonable to

separate the intermediate incoherent scattering function according to these

three different types of motion.

Lattice contribution

L. (0.1) = <e-@ 004370 04 0 <t>]> =4 236
Reorientational term 11,’;6 (Q,t) _ <eiQ[fR(0>]eiQ . (t)]> Eq 2-37
Intramolecular I (D.f) = <e,,-Q[(ﬁ(0)]e,-Q[g(,)]> Eq 2-38
vibrations me =t
Subsequently Eq 2-35 rewrites
Eq 2-39

]inc (Q’ t) = ]iic (Q! t)liﬁc (Qa t)lizc (Qr t)

The Fourier transformation of I, (0,f) leads to the incoherent scattering

mc

function for different kinds of motions

Sinc (Q’ 0)) = Sifw (Q' CO) ® Sillic (Q’ CO) ® Si[l/lc (Q’ CU)

Eq 2-40

where the symbol ® denotes the convolution product.
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2.3.7 Elastic, quasielastic and inelastic scattering

Dividing the incoherent intermediate scattering function into time-independent

and into time-dependent parts as follows

1,.(0,0=1,(0,%)+1,.(0,1) Eq 2-41

and taking its Fourier transform leads to

S. (0,0)=1,.(0,0)5(w) + 5" (0, w) Eq 2-42

mc

where I, (0,»)d(w)is a purely elastic component and S”“(0,w) includes

mc mc

information about the microscopic dynamics of the sample.

The quasielastic contribution, which will be separated from the inelastic

scattering below originates from the diffusive motions and can be described by

Sk (0,w) for a solid sample. The lattice contribution and the intramolecular

vibrations described by S: (0,0) and S! (0,») respectively, produce the

inelastic spectra outside of the quasielastic region. ! (0,») produces
broadened lines at relatively high energy transfer values connected to the

vibrational levels of the molecule. Si. (0, ®) leads to a broad band of scattered

intensity in the surrounding area of the quasielastic region and produces a small

flat background in the quasielastic region.

Besides the motion of particles around their equilibrium positions due to

St (0,w) and S].(0,w) causes Q-dependent attenuation of the scattering

intensity. The form of the attenuation is obtained by describing the oscillation of
these particles around their equilibrium positions as quantum mechanical

harmonic oscillator given as

Sine (0, @) = 7" 5(hew) Eq 2-43
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where ZW:Q2<u2>and the exponential term is known as the Debye-Waller

factor. <u2> denotes mean-square displacement of a particle from its equilibrium

positions.

Because the rotational diffusion, described by S% (0, ), is the basic quantity of

interest in this work and the vibrations and librations of the particles are much
faster than the diffusive motions, it is reasonable to introduce them as an
inelastic background in the quasielastic region. Thus the quasielastic incoherent

scattering function can be given as

Eq 2-44

mc mc mc

$*Q, a)):e_<u )2 [12.(0.)5(w) + SE. (0, @)+ SL. (0, )]

where S! (0,w)is the inelastic background in the quasielastic region caused by

mc

Si.(0,w) andS,,.(0,w). Si.(0,w) represents the quasielastic term and where

mc

IR is called elastic incoherent structure factor (EISF)

mc

Integrating the incoherent scattering function over the energy transfer at

constant QO according to Eq 2-24 leads to

N I X = Eq 2-45
[SicQw)do = [1,.(0,0)8@)dt = I,.(0,0) =1

This means that EISF is the fraction of the total quasielastic intensity contained
in the purely elastic peak. If the elastic component and the wider quasielastic
component can be separated, the EISF is a measurable quantity, evaluated

from the ratio

S 17(0) _
EISF(Q) = )+ 1*(0) Eq 2-46

where F(0) and I(0) are the integrated intensities corresponding to the

elastic and quasielastic part of the spectra, respectively.
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In the experimental data the elastic scattering appears, instead of an infinitely
sharp line, as a peak-shaped curve with an energy width corresponding to the
instrumental resolution. This width defines the magnitude of the time-scale over
which the diffusive motions are observable. The typical time-scale for a time-of-
flight instrument is in the range of 107°-107"%s. If the diffusive motions are
significantly slower than the instrumental resolution, they cannot be
distinguished from the elastic peak. On the other hand, if the diffusive motions
are much faster than the instrumental resolution, the quasielastic component
will be a very broad and flat term. Therefore it is important to note that the
characteristic times of the diffusive motions studied by quasielastic incoherent
neutron scattering have to be of the same order as the instrumental resolution.
While the width of the quasielastic component can reveal information on the
characteristic times of the diffusive motions, the Q-dependent EISF provides

information about the nature of the diffusive motion itself.
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3 EXPERIMENTAL

27



3.1 Sample preparation

3.1.1 Ammonium tetraphenylborate, NH4(CgHs)4B (hereafter ATPB)

Following the instruction of Westerhaus et al. [25] the ATPB-powder was
prepared from sodiumtetraphenylborate Na(CsHs)sB and ammoniumchloride
NH4CI, both commercially available. Equimolar amounts of Na(CsHs)sB and
NH4Cl were dissolved in water at room temperature. The white salt of ATPB
precipitated immediately and it was washed with acetone for recrystallization.
To verify its purity and crystallinity, the sample was examined by X-ray
diffraction (HUBER Imaging Plate Guinier Camera G670) at room temperature.
A structural model was refined against the observed X-ray data using the
Fullprof suite (see Fig 3-1). As input for the simulations the crystallographic data
published by Steiner et al [6] was used. As shown in Table 2, the cell parameters

obtained from the X-ray measurement are comparable to [6].

Cell parameters | a (A) b (A) c (A) a B y
of ATPB
ATPB sample 11.25 11.25 8.08 90° |90° |90°

used in this work

Steiner et al. [6] | 11.2255 11.2255 8.0745 90° |90° |90°

Table 2 Unit cell parameters of the ATPB.
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Fig 3-1 X-ray diffraction pattern of the ATPB sample, here shown up to a diffraction angle of
53°. In the upper figure the region 5°<20<25° is shown. In the lower figure the region
23°<26<53° is shown rescaled. The measurement is shown red, while the black line represents
the simulated X-ray pattern for the ATPB. For the simulations we used the crystallographic data
published by Steiner et al [6]. The Bragg peak positions, used to define the structure are
indicated with green marks.
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3.1.2 Ammonium-deuterated tetraphenylborate, ND4(CgHs)4B
(hereafter ATPB-d)

The use of selective deuteration is a very powerful approach in inelastic neutron
scattering (INS). In order to get more insight on the motions of phenyl rings, a
sample with deuterated ammonium ions ND4 (CsHs)4B (hereafter called ATPB-
d) was prepared. Due to the drastically lower incoherent cross section of the D
atoms, the motions of the ND4 groups are “selectively” excluded. The ATPB-d
was prepared by using commercially available products: ND4Cl and
Na(CesHs)4B. Equimolar amounts of these powders were separately dissolved in
D,O at room temperature in a closed argon atmosphere. After mixing the
solutions a white salt of ATPB-d precipitates immediately. For recrystallization,
the ATPB-d salt was subsequently washed with deuterated acetone (CD3),CO.
The ATPB-d was examined by X-ray diffraction (HUBER Imaging Plate Guinier
Camera G670). The X-ray pattern (see Fig 3-2) is similar to that of the ATPB and
thus confirms the crystallinity of the ATPB-d.
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Fig 3-2 X-ray diffraction pattern of the ATPB-d sample, here shown diffraction angle up to 50°.
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Some difficulties at the sample preparation were caused by the instability of the
ND4CI. This compound is highly hygroscopic, and rather quick exchange of
deuterium into hydrogen can occur, if ND4CI is exposed to air. To avoid this
exchange all the preparations were carried out in a glove box filled with argon.
The commercial product of ND4CI was only available with a nominal deuteration
of 98%. However, the IR-measurement indicates that the deuteration

percentage was even lower, as shown in Fig 3-3.
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Fig 3-3 Infrared spectrum of ND,CI (the red line) and NH,CI (the blue line), measured with
Bruker-spectrometer at room temperature. The fundamental frequencies of NH,Cl have been

assigned in literature [26]. The fact that we observe by IR both yn.p and Yn.4 indicates that the
selective deuteration was not 100%.

Furthermore, as both D,O and (CDs3),CO also contain a microscopic amount
(less that 0.1%) of non-deuterated molecules, it is possible that un-deuteration
for the ammonium ions can be caused. Consequently, the chemical formula for
the ATPB-d should be written as follows N(Dyx Hy)4 (CsHs)4 B, with x+y=1.  The
percentage of the ammonium-deuteration in the ATPB-d was carefully
determined by the neutron scattering time-of-flight data, measured at NEAT.
The method as well as the percentage of deuteration will be described in Section
4.1.

31



3.2 Quasielastic incoherent neutron scattering experiments

The quasielastic incoherent neutron scattering (QENS) experiments were
performed at NEAT time-of-flight spectrometer. The spectrometer faces the
cold source of the 10MW research reactor at the Berlin Neutron Scattering
Centre (BENSC) at the Hahn-Meitner-Institut (HMI) in Berlin.

3.2.1 Time-of-flight instrument NEAT

NEAT is a direct geometry time-of-flight multichopper spectrometer [27, 28, 29].
A schematic of the instrument is shown in Fig 3-4.

mutidebestor | 352 gingle rGnfar dauble-tum pat
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Fig 3-4 A schematic of the spectrometer NEAT

The operating principle of NEAT is following: Periodic pulses of ‘monochromatic’
neutrons are produced from incident ‘white’ neutron beam by seven phased
disc choppers, each of which has neutron transparent apertures of variable
widths. A pair of counter rotating choppers is used to create neutron pulses by
chopping the incident beam, and another pair to select a narrow wavelength

band from these pulses. The remaining three choppers are used to optimize the
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neutron beam. The time and energy widths of the neutron pulses are variable in
large ranges by varying the speed of the choppers, the chopper windows and
the neutron wavelength (details are given in Appendix A). Behind the last
chopper, in front of the sample, there is located a monitor which counts a tiny
proportion of the incident neutrons. This monitor reveals information on the flux
of the incident neutron beam and thus on the number of neutrons that arriving at

the sample.

Monochromatic neutron pulses arrive at the sample at exactly known times. The
scattered neutrons are detected between 13.35° and 136.65° by 388 single
detectors located 2.5m from the sample. The detected neutrons are
histogrammed according to their time-of-flight. Then the final energy of the

detected neutrons can be defined as

2 Eq 3-1
i [ 2.5m J
EI =—_m,

ZLof—ﬁight

The final neutron energies together with the known incident neutron energy and
the scattering angle allow us to determine the partial differential scattering

cross-section.

To illustrate the operation of such a time-of-flight spectrometer, a neutron flight-
path diagram as a function of neutron time-of-flight is shown in Fig 3-5 [30] for
the INS spectrometer (located at the ILL, Grenoble France). This example
demonstrates the filter function of various discs of the chopper cascade in an
experiment in which the rotational motion of OH" ions in cubic Na OH [31] was
studied at an incident neutron wavelength of 4A. In this diagram the vertical axis
represents the flight-path between the different elements of the chopper
cascade. The first chopper (CH1) is located at the flight path origin, and it
defines the initial time-distribution of the neutron pulse. CHp is the pre-
monochromator, which stops the larger part of the “white” beam by reducing the
pulse frequency, in order to avoid frame-overlap at the detectors. CH2 selects
the ‘monochromatic’ wavelength band for the experiment. Furthermore the

wavelength distribution after the scattering event is shown, where S represents
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the sample position. Neutrons which gained energy during the scattering
process arrive faster to the detectors (D), while neutrons which lost energy
during the scattering process arrive later at the detectors. The elastic scattering
produces a sharp peak in the spectra at the position where the neutrons arrive

with the incident wavelength.

Spectra [NaOH 575K
INS 1975
O | <
lr'nax
S
CH2
CH I A > F i 4 4
R
CH,
CH1 + .
0 5 10 15 20 25 30 35

neutron time of flight [10°us)

Fig 3-5 Neutron flight-path diagram for a configuration of a time-of-flight multichopper
spectrometer (IN5) [30].

3.2.2 Experimental details

For a neutron scattering experiment a suitable amount of sample has a
transmission probability on the range of 80% to 95%. A higher transmission
might lead to problems with the statistical accuracy, while a lower transmission

might cause problems with the multiple scattering effect.
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The transmission probability is given as

P

. “m- Eq 3-2
=exp| - (O-sc + O-abs) NA m-d
V-M

where o, and o, are the cross-sections of scattering and absorption,

respectively. N, is the Avogadro’s number, m the mass of the sample, M the
molecular mass of the sample, V= dr # volume of the sample container, d the
thickness of the sample container and » the radius of the sample container. Now

a suitable quantity of the sample can be defined as

__|n(Ptr)-7Z'-l’2 M Eq 3-3
) N,

(Usc + O abs

The mass of ATPB and ATPB-d samples varied from 0.41g to 0.6g resulting in
a transmission probability of 0.9 to 0.85. The samples were placed into an
aluminium container with a thickness of 0.4mm. The sample was examined in
reflection geometry, i.e. the angle o between the sample plane and the incident

neutron beam was kept equal to 45°.

During the time-of-flight experiments the number of neutrons are detected at
various scattering angles and separated into channels depending on their time-
of-flight. A number of steps must be performed to extract the incoherent
scattering function from the so-called raw time-of-flight data. Then the time-of-
flight data can be analysed in order to get information about the diffusive
motions in the sample material. Therefore, the raw NEAT data were corrected
for detector efficiency and sample-geometry dependent attenuation. Additionally
the background was subtracted using the data from a measurement of the
empty sample container, the data were normalized to the elastic scattering of
vanadium, transformed to the energy scale and interpolated to constant Q
values. Additionally several detectors can be grouped together to obtain better
statistics. These proceedings were carried out by the FITMO4 software [32],
which was developed to analyse the time-of-flight data measured at NEAT.

More details of the data processing are given in Appendix B. The QENS spectra
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for ATPB were recorded at eleven different temperatures between 20K and
350K, at four different energy resolutions AE=32peV, AE=56peV, AE=98ueV
and AE=182peV. For ATPB-d the QENS spectra were recorded at 300K, at an
energy resolution AE=32ueV. Data acquisition times were 24h, 10h and 6h for

energy resolutions 32ueV and 56peV, 98ueV and 182ueV, respectively.

Some aspects of the instrumental resolution have already been discussed in
sections 2.3.7 and 3.2.1. In addition, it should be considered how the instrumental
resolution appears in the measured data, in order to interpret the experimental
data correctly. Due to a limited the instrumental resolution, the incident neutron
beam is not purely monochromatic, but broadened depending on the energy
distribution of the incident neutrons. Consequently in the experimental data, any
function that is explained as a &-function of energy transfer in theory, appears
as a broadened line, the shape and the width of which depends on the

resolution function R(Q, w). Therefore the measured value of S(Q, ) is given as

o Eq 3-4
S(0,0) =5'(0,0) ® R(Q,0) = [S'(0,0")R(Q.(0- &)

where S'(Q,w) is the theoretical scattering function.

The width and the shape of the instrumental resolution have to be defined in a
measurement and normally the elastic scattering of vanadium gives a good
approximation. The resolution function of the spectrometer NEAT has a
Gaussian shape at the energy resolutions used. It should also be noted that the
width of the energy resolution is not constant as a function of the energy
transfer. This is especially important for the inelastic neutron scattering data
treatment. An expression for the width of a resolution function as a function of
the energy transfer for time-of-flight multichopper spectrometers has been
developed [33].
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3.2.3 Experimental data

An overview of the corrected experimental data is given in Fig 3-6 and Fig 3-7. In
Fig 3-6 the spectra of ATPB are shown at an energy resolution of 98ueV at room
temperature. The data were sorted into nine groups, in order to obtain better
statistics. Three selected groups are shown, each one denoted with its average
Q-value. The observed relatively large elastic intensity suggests that about 83%
of the hydrogen atoms are attached to the phenyl rings. The corresponding
rescaled quasielastic component is shown in the insert. Note, that a quasielastic
component indicates that the proton dynamics in the sample occur on a time
scale accessible by the instrument (10°_10"s). As expected, the elastic
intensity decreases as the intensity of the quasielastic component increases
with higher Q-values. With decreasing temperatures, the intensity of the
quasielastic component is reduced, but it is still obvious even at 20K. In Fig 3-7
the temperature dependence of the quasielastic component at the energy
resolution of 56ueV is shown. The data were sorted into two groups to obtain

better statistics, the average Q-value in the shown case amounts to 2A,
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Fig 3-6 Measured ATPB spectra at three different Q-values with AE=98ueV and T=300K. The
insert shows the rescaled spectra revealing the quasielastic component.
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Fig 3-7 The measured ATPB spectra at three different temperatures at AE=98ueV and Q=2A".
The spectra were rescaled to show the quasielastic component.
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4 EXPERIMENTAL RESULTS
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4.1 Ammonium-deuteration percentage of ATPB-d

To determine the fraction of deuterated ammonium ions, x, in the
N(DxHy)4(CsHs)4B, the NEAT measurements at identical experimental conditions
(i.,e. same configuration, same temperature, same sample orientation, same
exposure time) of both samples: ATPB and ATPB-d were compared. Fig 4-1
shows the raw time-of-flight spectra summed over all spectra (i.e. all scattering

angles ranging from 13° to 137° were grouped together).

LOGcounts
1000000 - —ATPB

100000 -

10000 -

1000 A

100 A

10 -

01 T T T T T
0 100 200 300 400 500

tof chanel

Fig 4-1 Time-of-flight spectra of ATPB-d and ATPB summed over all spectra, measured at
NEAT, at T=300K a wavelength of 8A, an energy resolution of 30xeV, and an exposure time of
43200s.
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The spectra were not corrected, only the background was subtracted using a
spectrum obtained by measuring the empty sample container. Finally, the

spectra of the ATPB and the ATPB-d were integrated over all the time-of-flight

channels. The integrated scattering intensities amounted to 7™ = 699647 and

1271 = 489770 for the ATPB and the ATPB-d, respectively. The ratio of the

sc

integrated scattering intensities results in

I;iTPB—d /I;TPB —0.70 Eq 4-1

An integrated scattering intensity /5. corresponds to scattering into a solid angle
Onveat/47 which is covered by the detectors of the spectrometer NEAT and is

proportional to the scattering probability into any defined solid angle (%4~ .

I, <P Eq 4-2

sc sc

Subsequently the ratio of the integrated scattering intensities equals to the ratio

of the scattering probabilities

ATPB—d ATPB—d Eq 4-3
ISC IDSC q

ATPB ATPB
ISC PSC

The scattering probability over 4z at well-known experimental conditions can be
calculated, if the exact molecular formula of the sample and the number of

molecules in the sample are known. The scattering probability of the ATPB

sample can be calculated and then

PP~ can be solved from the Eq 4-3.

The scattering probability can be calculated as follows

])sc :1_(Ptr +])abs) Eq 4-4

where the probability of transmission P, and the probability of absorption P,

are given by
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(GSC + O-a S
e

).N.d} Eq 4-5

N-d Eq 4-6
P, =1- exp{— Oaps " V"4 % }

0sc and oaps are the cross sections for scattering and absorption. N, V and d are
the number of particles, the volume and the thickness of the sample,
respectively. The mass of the samples are known to be m*"?=0.6g and m*"™"*
=0.41g, the thickness of the cylindrical sample container is constant, ¢=0.4mm

and the transmission and absorption probabilities can be written as follows

+ N . Eq 4-7
P;r :exp _(O-sc O-abzs) 4 m
T-ro-M
G N, -m Eq 4-8
P, =1—-exp ——%%s 4
abs p[ 72'-]/‘2-M :|

where N, is the Avogadro’s number (6.022:10°mol™), r the radius of the sample
container (2.5cm) and M the molecular mass of the sample (M*"*=337.25g/mol
and M*"51=340.38g/mol).

The neutron scattering cross section values are dependent on the used
wavelength. The cross section values vary slightly when the used wavelength
satisfies the Bragg condition, but reduces dramatically when the Bragg cut-off is
reached. Anyhow, with the used relative large wavelength of 8A the Bragg
condition is still satisfied for the ATPB crystal and thus a good approximation of
the scattering probabilities can be obtained using the tabulated cross section
values. For the absorption cross section values, a correction for 8A has been
made. The values of the scattering and absorption cross-sections as well as the
atomic mass of the elements in the ATPB and the ATPB-d and the detailed

formulas used to obtain the scattering probabilities are given in Appendix C.
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The scattering probability of ATPB [NH, (CsHs)4B], with m*"7?=0.6g is 0.091058.

In order to determine x, Eq 4-3 must be corrected with the help of the monitor-
rates. The ratio of the scattering probabilities corrected with the monitor-rates is

termed ratio(x) and equals the ratio of the integrated scattering intensities

pATPB-d (x) . MR PB4 ATPB—d Eq 4-9

= ratio(x) = = ——=0.70

sc

ATPB ATPB
P77 - MR

where MR8 and MR*™® are the monitor-rates obtained at the
measurements of the ATPB-d and the ATPB. The monitor-rate gives the
averaged number of neutrons in the incident beam per second during the
measurement, detected at the monitor. By correcting the scattering probabilities
for the monitor-rates, the different number of neutrons arriving to the sample

during the measurements of ATPB and ATPB-d are taken into account.

Now that we know the values of MR*""**=39.72685n/s and MR*""*=37.01387n/s, it
is possible to calculate the ratio(x) for several x values on in the range of O<x<1.

After plotting and interpolation, a solution x=0.766 is found (see Fig 4-2).

ratio(x) 0.7
0.8 N

4 N
0.78 1 0.7 ~

4

I~

0.76 1
0.69

0.74 069 072 0.75 0.78 0.8

0.72 1

0.7

0.68 \

0.66

0.64 : : : : ‘ "
0 0.2 0.4 06 0.8 1 1.2

[

Fig 4-2 The points show the calculated values of ratio(x). Interpolation of the ratio(x)=0.70
results in an x value that satisfies the Eq 4-9.
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Now the exact chemical formula of the ATPB-d sample can be defined as

N(Do.77 Ho.23 )4(CeHs)4 B Eq 4-10

This result implies that the selective deuteration was not complete, and thus a
contribution from the NH4 groups, which is proportional to the number of H
atoms, is still observable. It can be assumed that the scattering from the
ammonium groups is reduced by about 80%, for the ATPB-d sample due to the

deuteration ratio and the number of particles in both samples.

4.2 Diffusive motions

In section 3.2.3 the QENS spectra of ATPB at few selected temperatures were
shown, and it was pointed out that the quasielastic component is due to the
diffusive motions in ATPB. Because the ATPB sample is a solid, it is not
expected that translational diffusion would occur on the time scale accessible by
the NEAT measurements. Instead, it can be assumed that the rotational
diffusion is the source of the observed quasielastic scattering. As observed, the
elastic peak is relatively large, compared to the corresponding the quasielastic
component. We can argue that this is due to the fact that in ATPB the hydrogen
atoms are either attached to the ammonium ions (17%) or to the phenyl rings
(83%). Therefore the first step in the data analysis is to consider that the phenyl
rings are immobile (on the time scales measured in the NEAT experiments) and
that the observed quasielastic component originates only from the motions of
the ammonium ions. Later the possibility that the motions of phenyl rings are

also observable at the measured time scale will also be considered.

To analyse the QENS data, models for the incoherent scattering functions of
isotropic powder samples (rather than single crystals) based on the sample
geometry have been developed. Therefore the momentum vectors appearing in
the expressions of the cross-sections and the scattering functions are replaced
by their moduli. Suitable values for the model parameters can be determined by

fitting the theoretical formulas to the measured spectra.
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4.2.1 Ammonium reorientations

4.2.1.1 Theoretical models

As already discussed in Section 2.3.6 and 2.3.7, rotational diffusion can be
described by instantaneous jumps between several equilibrium orientations.
Between the jumps, the molecule assumes an orientation, where librations

occur. Due to the tetrahedral symmetry of the NH, , several specific models can

be considered. Below four models for the whole ammonium ion reorientations
and a model for N-H vector libration over the face of the phenyl ring will be
described. Finally a model that combines the whole ion reorientations and the

libration will be described.

4.2.1.1.1 Continuous isotropic rotational diffusion

There are only very few molecular solids which are close to the limit of free
rotation, such are eg. solid hydrogen and methane in some molecular crystals
[34]. Anyhow, the previous infrared [59] and Raman [57] studies of ATPB at low

temperature show features typical for nearly free rotor.

An approximation of free rotation can be obtained from a model for continuous
rotational diffusion. This is assumed when probability to obtain any orientation is
the same and the diffusion remains restricted to the surface of a sphere of the

radius R.

The scattering law for this motion is given as [35]

o Eq 4-11
S10(0.0)= 4,(0) 5(0)+ 3. 4,(0) L+ DD,
(=1 ”[€(€+1)Dr] + o’

where D, is rotational diffusion coefficient,
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4,(0)= @0+ 1) (OR); £=0,,2..0 Eq 4-12

and j, are the spherical Bessel functions of ¢ order.

In ATPB the ammonium motions can be supposed to be limited to a sphere with

a radius of R=0.9A, which is the N-H distance in the NH, ion.

4.2.1.1.2 Two-site jump model

Several examples of ammonium ion rotations around a C2-axis have been
studied by QENS before e.g. [60] & [36]. In the two-site jump model NH,
rotates around the C2-axis. In this model the tetrahedral ion has two equal
equilibrium orientations. The ion makes jumps of 180° around a rotation axis, as

shown in Fig 4-3, so that two adjacent H atoms change their places.

Fig 4-3 lllustration of NH, rotation around a C2-axis

The scattering law for such motion is

] 1A Eq 4-13

2
T w* + A,

S, (Q’ a)) = Ay, (Q) 5((‘)) + [1_ Ao, (Q)

where the half-width at half-maximum (HWHM) A, of the Lorentzian function, is

related to the jump rate of the motion, ,*, by
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A, =225 Eq 4-14

The Elastic Incoherent Structure Factor (EISF) is

1 Eq 4-15
Aoz(Q):E[I"'poQ’”z)] !

where r; is the radius of rotation and j, is the spherical Bessel function of zero

order

Jo(x)=sin(x)/x Eq 4-16

Knowing the N-H bond length (dy.;) of the NH,; to be 0,9A [6], the jump

distance between the two H atom amounts to

P ﬁd Eq 4-17

f N-H

2r, =

4.2.1.1.3 Three-site jump model

Another possible model suggests rotations around a C3-axis, so that one of the
hydrogen atoms is immobile (with respect to the timescale provided by the time-
of-flight spectrometer NEAT). Examples of ammonium reorientations around a

C3-axis can be found in literature, e.g. [37].

The three mobile hydrogen atoms rotate by 120° steps around the axis and

change their positions as shown in Fig 4-4.
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-

C3-axis

Fig 4-4 lllustration of NH ; rotation around a C3-axis.

The scattering law for this model is

1 3 Eq 4-18
S3(Q’a)):Z+ZS3sites(Q’a))

where S, (0,0), describes a simple 3-site model of 120° jumps model

]i A, Eq 4-19

2
T * + A,

S3sites (Q’ a)) = ASSites (Q) ' 5(0)) + [1 - A3Sites (Q)

and the EISF is defined as

Eq 4-20

Asyies (0) = é[] + ZJO(Q”3\/§)]

where r; is the radius of the rotation and r3\/§ is the jump distance between the

two H atoms.

Using Eq 4-19 and Eq 4-20 the scattering law Eq 4-18 rewrites as

5,(0.0) = Ay (0)-8(00)+ - A Q)= — 2 Eq 421

2
T w* + A,

with
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Eq 4-22

As Eq 4-15 (two-site jump model) and Eq 4-22 (three-site jump model, when one
of the protons is immobile) are identical for the NH, rotations, it is theoretically

impossible to distinguish these two types of rotations. The only difference is the

definition of the HWHM of the quasielastic component.

The HWHM of the Lorentzian function in Eq 4-21 is a proportional to the jump

rate of the motion

3 4 Eq 4-23

4.2.1.1.4  Four-site jump model

Another reasonable model suggests that the Hydrogen atoms jump at four sites
(corners of a tetrahedron). Ammonium ions rotating due to this model in other

compounds have been described previously e.g. [38]. In this model it is
assumed that the NH, undergoes rotations around several C2 and/or C3 axes.

In this case the scattering law is

5.(0.:0)= 4(0)-5(0)+ - 4 Q)= 24 £q 424
with
1,4 (22 R s
Ay, (Q) = 2{14‘ 3Ji [Qde—H H
and
A, =4z Eq 4-26
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The rotations around the C2 and C3 axis are assumed to occur on different

timescales. Defining ;' as the jump rate for rotations around the C3 axis and

r," as the jump rate for rotations around the C2 axis, the HWHM can be

rewritten as

4 . Eq 4-27
A, =—1, +15

3

It is impossible to determine ;' and z,' unambiguously, unless the two

rotations around the C2 and C3 axis occur on significantly different timescale.

42115 Libration of ammonium ion

The structural studies of Steiner et al. [6] show that the N-H vector of NH,
points towards the centre of the aromatic rings over the time average, although

the H atoms of NH, have the largest displacement parameters in the crystal

structure. Therefore it can be assumed, that NH, performs large amplitude

motions which allow the H atom to move over the whole aromatic face. This
kind of motion is explained as a seven-site jump model on a spherical surface
[39].

Below, it is assumed that all N-H bonds are equivalent, and thus geometrical

description of the motion will be done for only one N-H bond.

Let us assume a rotation axis, noted CR in Fig 4-5, defined by the middle of a
phenyl ring and the position of the N atom of the NH, . The first site, noted Sy in
Fig 4-5, is then defined as the distance r from the Nitrogen atom. Let us now
define the six other proton sites, denoted S; with i=2...7 in Fig 4-5. Each of these
sites has a probability of (7-p)/6. These six equidistant sites are located on a
circle perpendicular to the CR axis which has a radius of r sin(6). The angle ¢
corresponds to the angle between the CR axis and the N-H vector when one of

the sites §; with i=2...7 is occupied.
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Thus, a motion of the H atom of NH, can be described in terms of a 7-site

jump model (see Fig 4-5) as follows:

e one site has an occupation probability p, when H points towards the
middle of a phenyl ring (S;)
e the other six sites have an occupation probability of (1-p)/6, when H

points towards the edge of the phenyl rings (S; for i=2...7).

The seven sites are located on the sphere of the radius r, corresponding to the
N-H vector length.

+— Proton sites

&

Mitrogen site

Fig 4-5 Seven sites visited by the proton of the N-H bond.
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The scattering law for this model is represented by an elastic term added with

four additional quasielastic components

S7(Q10)): A07(Q)-5(a>)+ 24:,4”7(Q).£ A, Eq 4-28

2 2
n=1 T w +An7

where the EISF 4,,(0Q) is given as

Eq 4-29

4 ()= £ (192=2p +1)+ 200~ p) o 0a/2L=c050))

+%(p 12/, (0d'sin 6) + 2, (0d3sin )+ j,(20d sin )]

The analytical equations for the four quasielastic structure factors, A,n(Q)
for n=1...4, are not given here as they are rather complex. FORTRAN codes to

calculate them are given in Appendix D.

The HWHM values A, for n=1...4 are

Eq 4-30
A;; =K.+ K,

A, =K. +4K,

Ay = Kk, + 3K,

where «, defines the jump rate between two neighbouring sites of the ring
(sites Sz to S7) and «. defines the jump rate from the site S; to any of the 6 sites

of the ring. One should keep in mind that the probability of site Sy differs from

that of the 6 others sites, so that the jump rate (denoted « ;) from one site S;
with j=2..7 to site Sy is related to the jump rate (noted «x;; = x.) from the site S; to

one site S; with j=2..7 as
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B (1—[?) Eq 4-31

Assuming that all seven sites have the same probability to be occupied, the
jump rate from one site S; with j=2...7 to site St is obviously equal to the jump
rate of the site Sy to one site S; with j=2...7. In other words, if p=1/7 in Eq 4-31

leads to x, = «;; with j=2...7.

According to the structural properties, the value of the tilt angle & can be

estimated. It corresponds to half of the angle formed by the Nitrogen atom of

the NH, cation and two opposite carbon atoms of a phenyl rings, i.e. the

average value of the tilt angle is (6) = 24.6° at 7=293K and (¢) = 24.8° at T=20K.

Finally, in order to verify this model, the EISF calculated by Eq 4-30 is shown in
the Fig 4-6 for a representative set of parameters . If p=1, the EISF equals 1 at
any angle, and the proton is in a fixed position Sy (case (A) in Fig 4-6). The EISF
also equals 1 for a tilt angle zero for any probability. If a realistic value is
assumed for the tilt angle (e.g. 8~ 25°) and the observation is limited to a given
Q range, then with decreasing probability of the site S;, the EISF becomes
gradually smaller (cases (B), (C) and (D) in Fig 4-6). The last case (E) in
Fig 4-6 shows another limit of the model: at a probability of zero and a tilt angle
of 90°, the model described in Eq 4-28 is simply a jump model with 6 equivalent

and equidistant sites on a circle with a radius », which is described in [40].

" r was determined as 0.96A [6]
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Fig 4-6 Calculated EISF for different values of @ and p with r=0.96A.

421.1.6 Combination of reorientation and libration

With respect to the symmetry of the sites occupied by NH, , its motions can be

described by two components: i) reorientations of the entire NH, ion and ii)
"large amplitude" librations of the N-H vector over the face of the phenyl ring.
The Nitrogen atoms (i.e. the centre of mass of NH, ) are located in the centre of
a distorted tetrahedron (i.e. on a site with 42m symmetry). Compared to a
perfect tetrahedron (i.e. 43m symmetry), the C3 symmetry axis is lost.
Consequently, if the NH, cation is considered to be rigid and thus has a
tetrahedral symmetry (43m), the 42m symmetry of the NH, site is dynamically
understood by a molecular motion (like "large amplitude" librations) in

combinations with rotations of the entire NH, ion.

The reorientations of the entire NH, ion can be reproduced by one of the jump

models described above. The scattering law for any of these three models,

given by the equations Eq 4-13, Eq 4-21 and Eq 4-24, is simply the
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superimposition of an elastic peak and a quasielastic component with a

Lorentzian profile

S overat (Q’ 50) = 4, (Q) 5((0)—}— (l— A, (Q))l A Eq 4-32

T @+ N

where 4,(Q) is the EISF defined in Eq 4-15, Eq 4-22 or Eq 4-25 depending on

the model and A is the HWHM defined in Eq 4-14, Eq 4-22, Eq 4-26 Oor Eq 4-27.

The combination of the reorientations of the entire NH, ion with the "large
amplitude" librational motions is given by the convolution product of the
scattering laws, which assumes that the two motions take place on different

timescales and thus no correlations have to be taken into account.

Sé’b (Q’ 0)) = Soverall (Q’ CO) ® S7 (Q’ 0)) Eq 4-33

Writing the expressions Eq 4-32 and Eq 4-28 into the equation Eq 4-33, results in

a complex quasielastic profile formed by nine Lorentzian functions

Seb(Q,CU):A07(Q)'AO(Q)'5(CU) Eq 4-34
+1‘107(Q)'(J—AO(Q))'i zA 2
T @ +A
+ 3 4,(0) 4, (0) LB
n=1 7w’ +A,;
. 4 (1 1 (A+An7)
Z‘;AW(Q) (] Ao(Q)) T o’ +(A+An7)2

In this model six independent parameters (r, p, 6,x,, k. and A) can be fitted.

Two of these parameters are geometrical, i.e. r, which depends on the N-H

bond length and &, which can be estimated from the structural results [6].
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4.2.1.1.7 Summary of the theoretical models

The theoretical models described above can be classified according to the

character of the motion:

e The continuous isotropic rotation, which assumes that the ammonium
ion can have any orientation, but that it is arrested in middle of the
aromatic cage.

e The jump models, which assume that ammonium has preferential

orientations inside the aromatic cage, and it performs jumps between
these orientations with a jump ratez ™.

e The large amplitude oscillations (librations), which assume that the
individual hydrogen atoms of the ammonium ion can librate over the

face of the phenyl ring once the ammonium ion has settled on its

preferential orientation inside the aromatic cage.

Furthermore a model combining the jumps with the librations has been

introduced.

Fig 4-7 illustrates the elastic incoherent structure factors for the theoretical

models described above.
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Fig 4-7 Theoretical models of the elastic incoherent structure factors describing some possible
ammonium reorientations in ATPB.

(a)  The librations described by the seven-site jump model in Section 4.2.1.1.5. It is
assumed that each site has the same probability.

(b)  The two or the three -site jump model described in section 4.2.1.1.2 and
4.2.1.1.3.

(c)  The librations (a) combined with the two-site jump model or the three-site jump
model (b), as described in section 4.2.1.1.6.

(d)  The four-site jump model described in section 4.2.1.1.4.

(e)  Dashed line: The continuous rotational diffusion, described in section 4.2.1.1.1.
It is assumed that the rotation is limited to a sphere with a radius of 0.9A, which
is the N-H bond length i.e. the ammonium rotates around its centre of mass
(nitrogen site) without having a preferential orientation. The first term in

Eq 4-12, £ =0, corresponds to the EISF.

() The librations (a) combined with the four-site jump model (d), as described in
section 4.2.1.1.6

The Q range accessible by NEAT measurements is shown here. In this Q range the four-
site jump model and the continuous rotational diffusion are similar. Differences in the
EISF of these motions can only be seen at higher Q values, as shown in the insert.
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4.2.1.2 Data analysis

4.2.1.2.1 Phenomenological fits

As a first step of the analysis of the QENS spectra, phenomenological fits were
performed in order to find a suitable model for the NH, reorientations. In this
procedure the structure factors EISF (elastic incoherent structure factor) and
QISF (quasielastic incoherent structure factor) are fit parameters, as well as the
width of the quasielastic component (HWHM=A). Only the weight factors for
both components are defined assuming that the phenyl rings are immobile on
the time scale of our measurements. Therefore the phenyl rings would only
contribute to the elastic part of the QENS spectra. The fitted scattering function

for the phenomenological procedure is

Spue (0, 0) = Eq 4-35

_ hw

o ol -ZW{} y (Q)}5<w)+ - 4,01 -5, +S£K(Q,w)}

where A¢(Q) is the EISF and 1- Ay(Q) is the QISF. S/

! (0,w) is the inelastic
background, here fitted by a straight line to reproduce qualitatively the
contribution of the inelastic spectrum in the QE region. In the phenomenological
fitting procedure, the energy transfer window was limited to the range of

-1.5meV and 1.5meV.
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Fig 4-8 The triangles show the measured ATPB spectra at AE=98ueV, T=150K (right hand
side) and T=300K (left hand side). The dotted straight line is the fitted background and the
Lorentzian shaped line is the fitted QE component. The complete fitted scattering functions are

shown in the inserts.
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Fig 4-9 The triangles show the measured ATPB spectra at AE=56ueV at T=20K (right hand
side) and T=50K (left hand side). The dotted straight line is the fitted background and the
Lorentzian shaped line is the fitted QE component. The complete fitted scattering function is
shown in the inserts. The complete fitted scattering functions are shown in the inserts.
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In Fig 4-8 the results of the fits at AE=98ueV, at T=150K (right hand side) and
T=300K (left hand side) are shown at three selected Q-values. The quasielastic
contributions are rescaled in order to show the fit quality of the
phenomenological Lorentzian function. The corresponding complete spectra are
shown in the inserts. This demonstrates how small the quasielastic component
is compared to the elastic peak. In the temperature range 200<T<300K the
fitted and the experimental data deviate near to the elastic region (see T=300K
in Fig 4-8). Because of the nature of the deviations, at least one additional

Lorentzian function may be needed to describe the data correctly.

With decreasing temperature the width of the quasielastic component is
reduced, due to a slowing down of the diffusive motions. As a consequence
another time scale is needed, therefore the fits for temperatures 50K and 20K
were produced using higher energy resolution, i.e. AE=56ueV (see Fig 4-9). It
has to be noted that the experimental QE contribution is broader than the one
reproduced here by the fits. The deviations occur at the lower part on the sides
of the elastic peak, while the wings of the QE component as well as the height
of the elastic peak are both well reproduced. Reason for this kind of deviations
can be understood qualitatively regarding to a previous study of Roberts et al.
[41], where tunneling of the ammonium ions in ATPB was observed. Our
experimental energy resolution was not sufficient to properly separate these
tunneling frequencies from the resolution function, but it is expected that the

tunneling would cause a slight broadening for the elastic line.

Furthermore, the largest difference between the fitted and the experimental data
occurs for any temperature at low Q values (i.e. Q=0.5A" in Fig 4-8 and Fig 4-9).
In order to get more insight on the motions involved, a careful analysis of the
EISF and HWHM was performed.

An approximate description of the diffusive motions of the NH," ion can be
derived from the phenomenological fits by comparing the obtained experimental
EISF values to the theoretical ones (explained in the Section 4.2.1.1). Because

the experimentally determined EISF values change dramatically at the
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temperatures below 150K, two temperature regions were considered separately
(@) 150K<T=300K and (b) 20K<T=<100K.

As shown in Fig 4-10 (a) at a temperature T=200K, the experimental EISF values
show a behaviour, which almost correspond to the theoretical model of the
ammonium ion rotation around the C2/C3 axis. An alternative possibility is to
combine the ammonium ion librations with the rotation around the C2/C3 axis.
Thus the model of ammonium ion rotations around the C2/C3 axis will be used

first to fit the experimental data (see the following section).

As shown in Fig 4-10 (b) at lower temperatures 20K<T<100K, the experimental
EISF values do not correspond to the behaviour predicted by the considered
theoretical models. Anyhow, regarding to the fit quality at the lower
temperatures (see Fig 4-9) it is not assumed that the ammonium motions can be
explained as classical diffusive rotations. Therefore conclusions can not be

carried out concerning the EISF behaviour at the lower temperatures.

In rotational diffusive motions, a molecule has to overcome the potential energy
barrier of its nearest neighbors. The activation energy, which is the difference
between the height of the potential barrier and the librational ground state, can

be determined by analysing the thermal evolution of the HWHM.

The rotational diffusion is usually found to vary with the temperature with an

Arrhenius like behaviour

= z_o—le—Ea/kBT Eq 4-36

1

where 77! is the jump rate, z,' is the attempt frequency, E, is the activation

energy, kp is the Boltzmans’ constant and T is the temperature.
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Fig 4-10 Selected behaviour of the fitted EISF(Q) as determined by the phenomenological fits
(symbols) compared with the theoretical models described in the section 4.2.2.1 (represented
by lines).

(a) T=200K; AE=56ueV/(crosses), AE=98ueV/circles), AE=182ueV(triangles). The solid line is
the EISF for the two-/three-site jump model and the dashed line is the EISF for two-/three-site
jumps combined with librations.

(b) T=100K; AE=56u€V (triangles) and T=20K; AE=56u€eV (circles). The lines are the EISF for
four-site jump model and for the continuous isotropic rotation.
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In Fig 4-11 the HWHM values obtained from the phenomenological fits are
shown as a function of the inverse temperature. Fitting Eq 4-36 for temperatures
between 67<T<300K an activation energy of about 3kJ/mol was obtained. As
expected, at the temperatures between 20K<T<67K the behaviour of the
HWHM values does not follow the same behaviour as above 67K. This

indicates to a change of the dynamical process in the sample.
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Fig 4-11 Thermal evolution of the HWHM
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4.2.1.2.2 Two-site jump model

As a second step of the data analysis the two-site jump model was fitted without
considering librations. The EISF is here no longer a fit parameter, since it is
given by the model. The weight factors were defined in the same way as in the
previous section considering only the ammonium ion reorientations. The fitted
QE scattering function for the two-site jump model given in the Eq 4-13 can be

written as

Eq 4-37

_ ho .
Soe (@ 0) =€ H0T e {g +§(§ +§5'”di Ja“(w)

+i(i_isinQdJi 2¢5!

+81 (0,0
6l > Qd ﬂa)2+42'2_2 mc(Q )}

where d is jump distance 1.6A, according to the crystalline structure [6]. The

1

jump rate 7, was the main fit parameter and the inelastic background was

fitted with a straight line as a function of .

Due to the different nature of the fits, the results of the two-site jump model will

be introduced here separately for three temperature regions
i. T>200K

In this temperature range the two-site jump model could not reproduce the
total experimentally observed QE intensity. Instead significant deviations
occur near the elastic peak between the experimental data and the fitted
model, an example at T=300K is shown in Fig 4-12. Comparing these findings
with the results presented in the previous section, it becomes obvious that
the deviations have a similar nature as those seen in Fig 4-8 at T=300K. As
already indicated in context with the phenomenological approach, one
Lorentzian function, here the two-site jump model, is not sufficient to explain
the QE component observed experimentally. Indeed, an additional narrow
QE component is needed to reproduce the experimental data accurately. As

the width of the quasielastic component is inversely proportional to the
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correlation time of the proton dynamics in the sample, it can be assumed
that the narrow component originates from a rather slow motion (compared
to the ammonium ion rotations). The librations of the N-H vector explained in
section 4.2.1.1.6 are supposed to be faster as they occur between the
ammonium ion rotations and can thus hardly be seen as a source of this
kind of narrow component. Therefore it can be suggested that the narrow
component originates from motions of the phenyl rings. To investigate the
origin of this additional quasielastic component accurately, the deuteration of
the ammonium ion in ATPB has been used as a tool. In section 4.2.2 this
question is discussed in detail, and models for possible motions of the

phenyl rings are introduced and fitted to the experimental data.
200K=T=67K

In this temperature region, the two-site jump model reproduces the
experimental data well, as e.g. shown in Fig 4-12 at T=150K. The deviations
observed at the lowest Q values are most probably due to the multiple
scattering effect. The jump rates vary from 0.15meV at T=200K to
0.0033meV' at 67K. The temperature dependence of the jump rate in this
temperature region is shown in Fig 4-14. The Arrhenius law (given in Eq 4-36)
is fitted to the data points and the resulting activation energy is 3.2kJ/mol.
This result is consistent, but more accurate as the one that we found using

the phenomenological approach (see previous section).
50K=T=20K

As expected from the results of phenomenological approach and as shown
in Fig 4-13, the two-site jump model could not reproduce the total intensity of
the QE component. The observed deviations between the experimental data
and the fitted two-site jump model are similar as the ones seen when the
phenomenological approach was fitted (see Fig 4-9). Our interpretation for
the low temperature data was already discussed in the context of the

phenomenological approach.

) corresponds to a correlation time of 28ps
T corresponds to a correlation time of 1253ps
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Fig 4-12 The fitted two-site jump model at AE=98ueV, T=300K (right hand side) and T=150K
(left hand side). The triangles show the measured ATPB spectra. The dotted straight line is the
fitted background and the Lorentzian shaped line is the fitted QE component. The complete
fitted scattering functions are shown in the inserts.
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Fig 4-13 The fitted two-site jump model at AE=56ueV, T=50(right hand side) and T=20 (left
hand side). The triangles show the measured ATPB spectra. The dotted straight line is the fitted
background and the Lorentzian shaped line is the fitted QE component. The complete fitted
scattering function is shown in the inserts.
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Fig 4-14 Thermal evolution of the jump rate of the two-site jump model. The experimental points
are labeled with triangles. The solid line represents the fitted Arrhenius law.
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4.2.2 Phenyl ring reorientations

According to the results presented in the previous section, the additional narrow
QE component may originate from reorientational motions of the phenyl rings.
To verify this idea, selective deuteration of the ammonium groups was used to
measure the QE component resulting from the phenyl rings. In this chapter
theoretical models for possible local diffusive motions of reorientation of the
phenyl rings are presented and combined together with the motions of the
ammonium ions. Finally the models are tested by fitting them to the

experimental data.

As a consequence of the momentum of inertia, the motions of the phenyl rings
are expected to be slower than the rotations of the ammonium ions.
Furthermore in previous QENS studies on other solid compounds [42], [43] &
[44], the local diffusive motions of orientation of the phenyl rings have been
observed on a time scale of 10""'s to 10 at room temperature. Thus the
energy resolution of 32ueV which corresponds to a time scale of about 10™'%

was used to measure the QENS spectra of the ATPB-d.

4.2.2.1 Theoretical models

A model for a QE component due to overdamped librational motions of the
phenyl rings have been described here, for simplicity, by a reorientational jump-
diffusion model. This model concerns reorientation of the phenyl rings around
an axis, which passes through its two opposite corners, as shown in Fig 4-15.
The phenyl ring is assumed to be rigid, and when the rotation axis is turned, all
of the mobile atoms move at same time to the direction of the reorientation. The
distance between the positions of the hydrogen atoms before and after the
reorientation will herein after be called as “jump distance”. The jump distance is
related to the angle of the reorientation, which is defined as shown in the insert
of the Fig 4-15. Knowing the crystal structure [6] (given in Table 3), some possible

jump distances can be obtained by a simple calculation based on trigonometry.
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First the distance from the mobile H atoms (located at C2, C3, C5 and Cs sites)
to the rotation axis is calculated. It amounts to 2.165A. This value is then used
to obtain different jump distances (see Table 4.) by varying the reorientation
angle a. If an angle a=180°is assumed, the phenyl rings rotate around a C2
axis, and we talk about phenyl ring flips. If the reorientation angle a<180° the

phenyl rings librate out of the plane.

[Rotation axis 8
e 9-
-.,.f.-“ . C%--H____ﬂ-’ i,

Rotation axis@

Fig 4-15 The motions of the phenyl rings in ATPB can be described as a reorientation around
an axis, denoted as a dashed line in the larger figure. In the insert the phenyl ring is reviewed at
the same plane is shown. The solid line represents the equilibrium position of the phenyl ring,
and the dashed lines show the limits of the libration. The jump distance (Jd) is the distance and
the reorientation angle « the angle between the extreme positions.
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Distance Angle o°) Jump distance (A)

B-C1 1.638 180 4.33
C-C, mean 1.400 135 4.00
C-H, mean 1.090 90 3.06

60 2.165

45 1.66

B-C1-C4 172.8 30 1.12
15 0.57

;Sg’lée[g]Geometr/ca/ data of ATPB at 10 0.38
5 0.19

Table 4 Jump distances for different
reorientation angles, which results from the
ATPB crystallographic structure.

The theoretical model for this reorientation of the phenyl rings around an axis
can be expressed by means of the two-site jump model (see section 4.2.1.1.2),
and the Elastic Incoherent Structure Factor (EISF) for the motions of the phenyl

rings are thus given by

Eq 4-38

Aoz(Q)zé[l"'jO@QrPh)]

where 2/ is the jump distance and j, the spherical Bessel function of zero

order. The analysis aims at finding a value for the reorientation angle, which is
connected to the jump distance. Taking into account that the EISF depends on
the jump distance, it is worth to illustrate the Q dependence of EISF for selected

jump distances, as shown in Fig 4-16.
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Fig 4-16 EISF(Q) for phenyl ring flips (jump distance =4.3A) and librations for several possible
jump distances (<4.3A).

4.2.2.2 Data analysis

By selective deuteration of the ammonium groups, the measured QE neutron
scattering of the ATPB-d sample is dominated by the incoherent contribution of
the hydrogen atoms in the phenyl rings. Although the deuteration of ammonium
groups was not complete (77%), a drastic reduction of the incoherent

contribution of the ammonium ions is expected.

In fact, the contribution of the 77% deuterated ammonium ion rotations only
amounts to about 5% of the whole spectrum, about 1% of which results from
coherent and about 4% from incoherent scattering. In order to obtain the right
intensity factor for the contribution of the ammonium ion, the coherent
contribution has to be taken into account as well. The theory describing the
intensity distribution of coherent scattering is rather complicated, but not
necessary for this analysis. Instead a good approximation of the rotations of the

ammonium ions has been obtained by using the percentage of its total

73



scattering cross section. As shown in the previous section the ammonium ions
rotate around C2 axis in a certain temperature range (67K<T=<300K). This

model was also applied to the rotations of the ammonium ions in the ATPB-d.

First to analyse the existence of the second QE component in the ATPB-d
sample, only the two-site jump model for the rotations of the ammonium ions
was used to reproduce the experimental spectra. The phenyl rings were

considered as immobile, contributing only to the elastic intensity.

The two-site jump model for ATPB-d is given by

_ hao

047 Eq 4-39
S Q@)= T .e—zw{[mo A+ }s( )

EE] [] AAm],]Ta) f(gingz) +512¢(Qv“))}

where 45" is the EISF of the two-site jump model (given by Eq 4-15) and AjY is
the HWHM for the rotation of the ammonium ions around the C2 axis.

S! (0,w)is the inelastic background reproduced by a straight line. The main fit

; Am
parameter is the A7y

The result of the fit at T=300K is shown in Fig 4-17. The spectra of all angles
were grouped together which results in an average Q value of 1.05A™. The
jump rate obtained for the partly deuterated ammonium ion rotation around the
C2 axis is 0.27meV. Clearly, the experimental intensity of the QE component
was not well reproduced by this model and thus an additional QE component

has to be introduced to explain the spectra of ATPB-d.
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Fig 4-17 The two-site jump model fitted to the measured spectra of ATPB-d at T=300K,
Q=1.05A"" and AE=32ueV. The triangles present the experimental data, the solid line the fitted
function, the Lorentzian shaped dashed line is the QE contribution and the straight dashed line
is the fitted background. In the insert the corresponding elastic contribution is shown.

To reproduce the additional QE intensity, the above presented model for the
reorientational motions of the phenyl rings should be considered together with
the rotations of the ammonium ions. The intensity factor for the motions of the
phenyl rings has been obtained by using the total scattering cross section
percentage of the mobile protons in the phenyl rings. As the total scattering
cross section of the mobile carbon atoms in the phenyl rings is negligible and
they are located closer to the rotation axis than the hydrogen atoms their motion
produces only very little intensity. Thus the QE component of the carbon

scattering is not considered here.
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The scattering function combining the two-site jumps of the ammonium ions and

the reorientations of the phenyl rings in ATPB-d can now be written as

_ ho s 267 Eq 4-40
SAm&Ph ’a) =e ZkBT _e—ZW AAm + APh 5
ATPB—d(Q ) 100 02 100 02 100 ( )
TEEA [1 A ]] 02, % [ 4 ]1 T (0X)
o +latg] T

where 4;7" (given by Eq 4-15) and 4/, (given by Eq 4-38) are the EISF and A
and AY! are the HWHM for the rotation of the ammonium ions and the phenyl

rings around the C2 axis respectively. S. (0,) is the inelastic background,

mc

produced here by a straight line.

The experimental ATPB-d spectra were reproduced by the model given in
Eq 4-40. The energy transfer window was from -0.15meV to 1.5meV and the

data were sorted into three groups, to obtain information about the Q
dependence of the motions of the phenyl rings. The fit parameters were A’Zﬁ

and the jump distance of the phenyl ring motions, 2/ in Eq 4-38.

In Fig 4-18 two fit results for ATPB-d spectra at T=300K, AE=32ueV and at
Q=1.3A" are shown. In both cases the jump rate of the ammonium ions was
fixed at 0.27meV. For phenyl ring reorientations were found in (a) a jump
distance of 0.2A, which corresponds to a reorientations angle of about 5° and a
jump rate of 0.04meV and in (b) a jump distance of 0.25A, which corresponds to
a reorientations angle of about 7° and a jump rate of 0.03meV. The librations of
the phenyl rings produce a rather weak QE component, which is only 0.65% of
the whole spectra, when the reorientation angle of 7° is considered and 0.56%
when the reorientation angle of 5° is considered. The fits shown here reproduce
the experimental data well. However, it is not possible to define the jump
distance and the jump rate for the motions of the phenyl rings accurately at
same time. At T=300K a jump distance of 0.25+0.05A corresponding to a

reorientation angle of 7°+2° and the jump rate of 0.03+0.01meV were defined.
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To verify the hypothesis, that the additional narrow QE component originates
from the reorientations of the phenyl rings, the QE spectra of ATPB-d was
compared with the ATPB spectra. The model combining the motions of the
ammonium ions and the phenyl rings was used to reproduce the experimental
data of the ATPB sample. Due to the different scattering cross sections of the
samples the weight factors vary from those in Eq 4-40. The fitted scattering
function for ATPB is

_ hw 4 16 Eq 4-41
S/:;lzrglchPh (Q,a)) —e 2kgT -e_2W {[24 A0/12m Y AOPZh }5(0))
AAm Ph
] [] AAm]] 02 ]6 [I A ]] 02 +Sllnc (Q,a))
(A?)’ZW) 7w+ (Aoz)

where A7y and A}: are the HWHM values, 4;,"(Q) (given by Eq 4-15) and

A7 (Q) (given by Eq 4-38) are the EISF for the rotation of the ammonium ions

and the phenyl rings around the C2 axis.

The fits of the ATPB spectra were produced like the ATPB-d fits. In Fig 4-19 the
fit results at Q=1.3A™ are shown at two temperatures (a) T=300K and (b)
T=350K. At T=300K the result of the fit is shown with the same parameters that
were obtained for ATPB-d in Fig 4-18 (b), i.e. a jump rate of the phenyl ring
reorientations of 0.03meV’, a jump distance of the phenyl ring reorientations of
0.25A, and a jump rate of the ammonium ions rotations of 0.27meV'. These
parameters reproduce the experimental spectra well for both samples. At
T=350K the fitted parameters are a jump rate of the ammonium ions of
0.33meV*, a jump rate of the phenyl rings of 0.045meV$, and a jump distance of
the phenyl rings of 0.3A. This observation indicates that both the jump rate and

the jump distance of the librations of the phenyl rings increase with temperature.

’ corresponds to a correlation time of 150ps
T corresponds to a correlation time of 15.3ps

corresponds to a correlation time of 12.5ps
§ corresponds to a correlation time of 92ps
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Fig 4-18 The QENS spectra of ATPB-d (triangles) measured at T=300K, at AE=32ueV and at
average Q value of 1.3A" reproduced by two different sets of fit parameters. The model
includes a contribution for the rotations of the ammonium ions around a C2-axis (broader
Lorentzian function) and another contribution for the motions of the phenyl rings (narrower
Lorentzian function). The background was fitted by a straight line. The motions of the phenyl
rings are described as librations, in the upper figure (a) with a jump distance of 0.2A and in the
lower figure (b) with an jump distance of 0.3A. The corresponding elastic contributions are
shown in the inserts.
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Fig 4-19 QENS spectra of ATPB (triangles) reproduced by a model including a contribution for
the rotations of the ammonium ions around a C2-axis (broader Lorentzian function) and another
contribution for the motions of the phenyl rings (narrower Lorentzian function). The background
was fitted by a straight line. The motions of the phenyl rings are described as librations, (a) at
T=300K with a jump distance of 0.25A and (b) T=350K with a jump distance of 0.3A. The
corresponding elastic contributions are shown in the inserts. The data was measured at
AE=324eV and at average Q value of 1.3A™.
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Due to the different number of particles and the different scattering cross
sections of ATPB and ATPB-d, the scattering of ATPB-d has about 70% of the
intensity of ATPB (see section 4.1). This holds for the complete molecular unit,
but it is also possible to define the ratio of scattering probabilities for individual
groups of ATPB-d and ATPB samples. For the mobile particles of the

ammonium groups this ratio is

ATPB—d Eqg 4-42
Psc g

(77% deuterated ammonium)

ATPB
P sc

=0.206

(ammonium)

For the phenyl groups the different numbers of the particles in both samples

gives this ratio

PP (mobile particles in phenyl rings) ~ mATPB=d ) rATPB Eq 4-43

=0.68

ATPB
£,

ATPB—d __ ATPB
v m

(mobile particles in phenyl rings) M

The detailed calculations are given in the Appendix E. These intensity ratios

assign the QE components either to the ammonium ions or to the phenyl rings.

Fig 4-18 (b) and Fig 4-19 (a) allow for a comparison of the relative intensities of the
QE components. In both cases the widths of the corresponding QE components
are equal, and therefore the ratio of their heights equals to the ratio of their
intensities. In both figures, the red line corresponds to the height of the narrow
QE component (having HWHM=0.06meV) and the blue line corresponds to the
height of the broader component (having HWHM=0.54meV). Reading the

heights of these components we get an intensity ratio of

158 varson 0.027 Eq 4-44
IATPB =0—04=0675
QE narrow .

for the narrower component and
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108 s 0.008 Eq 4-45
ATPB = =0205
I OE nbroad 0.039

for the broader component.

According to these intensity ratios the narrow QE component is due to the
motion of the phenyl rings and the broader one is due to the motion of the

ammonium ions.

4.2.2.3 Summary of the motions of the phenyl rings

The analysis of the QENS spectra of ATPB-d revealed an important result: it
was proven that the narrow QE component originates from the reorientation of
the phenyl rings. This result has not been reported in literature before, and it
sheds new light on the picture of the aromatic H-bonds. The reorientation angle
and the jump rate of the librations of the phenyl rings increase with increasing

temperature. At room temperature
e areorientation angle of a=7°+2 and

e a correlation time of 150+50ps

were found.

Within the framework of this study, it was not possible to determine the jump
rate of the phenyl rings accurately, since the librations only cause a very weak
and narrow QE component, which cannot easily be separated from the
experimental resolution. The accuracy of the determined jump rates is rather
poor and therefore it is not possible to define the activation energy for this

motion.
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4.3 Inelastic bands

4.3.1 Interpretation of the inelastic bands at room temperature

Five inelastic peaks have been observed in the energy gain side between 2meV
and 15meV. The intensities but not the frequencies of these peaks vary with Q.
Fig 4-20 shows the INS spectrum of ATPB and ATPB-d obtained at NEAT
measurements at T=300K, AE=30peV, Q=1.05A". The QE contributions were
subtracted from the INS spectra, as they give a small contribution at the lower
end of the energy transfer scale shown here (up to about 5meV). The
ATPB-d spectrum has been corrected to correspond to the number of the moles
of the ATPB sample (e.g. multiplied by a factor narpe/natpe-¢=1.492, where
Natee-d and natpg are the number of moles in the ATPB-d and in the ATPB

sample).

0.02
w
£ — ATPB
=}
£ v, — ATPB-d
S
> 0.015 -
7
[
(V)
=
3 R
g 001 V2
S V4
(%)
Vs
0.005 -
0 T T T T T T T
2 4 6 8 10 12 14 16 18

Energy transfer (meV)

Fig 4-20 INS spectra for ATPB (blue solid line) and the ATPB-d (pink solid line) measured at
T=300K, AE=30ueV, Q=1.05A"".
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The experimentally observed intensity ratios of ATPB-d and ATPB, for different
modes are given in Table 6. The comparison of these ratios with the ratios of the
scattering cross sections enables us to assign each mode to either ammonium,
phenyl or to the entire molecule. In Table 5 the total scattering cross sections of

these components in ATPB and in ATPB-d are shown and the ratios are

calculated.
INS Peak Intensity
Peak | Frequency ratio
ATPB—d
(meV) 1 7pp_y ATPB ATPB-d fot
- O tor Otot o ATPB
]ATPB tot
Vi 3.6+0.6 ~0.95 Whole 2110 1882 0.89
molecule
barns barns
Vo 5.6+0.2 ~1 Ammonium | 338 110 0.33
barns barns
V3 7.7+£0.2 ~0.95 Phenyl 1772 1772 1
barns barns
Va 10.7+0.2 ~0.89 Table 5 Total scattering cross sections. The
Vs 13.4+0.2 ~0.71 ratios were either considered for the entire
. . molecule or the ammonium ion or the phenyl
Table 6 Intensity ratios of ATPB-d and ; }
ATPB separately for each single inelastic groups in ATPB-d and ATPB.
mode.

This comparison shows that none of the inelastic peaks in this energy region
result exclusively from the ammonium ions. The peak v, is assigned here to the
phenyl rings in agreement with a previous study of Roberts et al. [41], they did
not observe this band in phenyl deuterated ATPB (see Fig 4-21). Roberts et al.
interpreted their observation of peak v4 and vs to result from ammonium, as they
did not observe a significant intensity change comparing non-deuterated and
phenyl-deuterated ATPB. Their observation showed instead a frequency shift of
v4 and vs, which was interpreted as a result of the cation-anion coupling. For
the ammonium deuterated ATPB, we did not observe a significant intensity
change of vsand vs, as is expected for the ammonium ion modes. The slight,

but noteworthy, intensity changes of these modes moreover assigns them to the
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entire molecule. The frequency shift observed by Roberts et al. can now be
understood as a result of the larger mass (increase by twenty protons) of the
phenyl deuterated molecule. The mass of our ammonium deuterated ATPB
increased only by 3 protons, and thus it is too small to observe a frequency shift
at our experimental resolution. The modes v; and v; are also related to the
entire molecule, as they show a small intensity decrease for ammonium
deuterated ATPB at room temperature. At lower temperatures these modes
behave differently, an observation which will be discussed more detailed in
section 4.3.2. Roberts et al. interpreted these modes as librations of the
ammonium ions or alternatively as free rotations, at low temperatures T<80K.
Our result for the high temperature spectra is clearly in contradiction with that of
Roberts at al. Anyhow we can find an agreement of our interpretation with
another study of Jayasooriya et al. [45], where they have measured several
tetraphenyl compounds, like C(CgHs)s4, using the NEAT spectrometer and they
found five torsional modes of phenyl rings at similar energy transfer values as
the inelastic modes observed in this work. This shows that the phynyl rings
contribute strongly to the inelastic spectra and that the ammonium ion librations

are strongly coupled with the torsional vibrations of the phenyl rings.

QO7S0m
>
.,E. 003751
u
(&)
I 1 1
¢ 0 5 10 15 20

Energy transfer (meV)

Fig 4-21 INS spectrum of the ATPB ( dotted line) and the phenyl deuterated ATPB (solid line)
measured at the IN6 spectrometer at ILL at an energy resolution of about 500ueV, a wave-
vector of about 2A™ and T=80K [41].
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4.3.2 Temperature development of the inelastic modes

For a qualitative explanation of the inelastic modes, a model involving six
damped harmonic oscillators (DHO) [46], [47] was used and combined with a
phenomenological quasielastic contribution. (The inelastic mode, denoted with
vy in the previous section, in fact contains two neighbouring peaks, both of them

now explained as a DHO.) The scattering function for this model is

o) e Eq 4-46
S(Q,®)=F-e o >-e kT -{AO(Q)cS(a))+[]—A0(Q)]i_2 AQ) _+
7 0" +A(Q)
= -{emﬂogg —ﬂ-i L oR©.0
J—e kT J':f(fj - ) +o°D;

where D; are the damping factors, f; the oscillator frequencies and R(Q, @) is the
energy transfer dependent resolution function given in the reference [33]. The
energy transfer dependent evolution of the peak width is shown in Fig 4-26 at
used energy resolutions 32ueV and 98ueV. The inelastic scattering

contributions of the vibrational motions of all components are taken into account

2

Y u2 _ u2 0
by the global and DHO Debye-Waller factors, e ¢ < > and e < >DH0 where (x?)
and (%), are the average mean square displacements of the whole assemble

of vibrational motions and the DHO, respectively.

The damping lowers the oscillator energy and broadens the line shape towards
the quasielastic region. Roughly it can be stated that if the damping factor is
higher than the oscillator energy it appears as a broad quasielastic contribution.
The behaviour of a damped inelastic mode at +6meV is illustrated in Fig 4-23.
During the fitting procedure of the expression of the six DHO, the damping
factors were kept smaller than the corresponding oscillator energy, in order to
avoid undesired shifts of these components to the quasielastic region, which
would occur due to the correlation between diffusive and damping effects in the

scattering function.
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Fig 4-22 Resolution function for 32ueV and 98ueV at the NEAT.
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Fig 4-23 Behaviour of a damped inelastic mode at +6meV, as a function of damping.
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The DHO-model has been used to reproduce the experimental data over the
entire temperature range measured. In Fig 4-24 two selected temperatures are
shown, (a) T=300K and (b) T=20K. The experimental data are well reproduced
at temperatures above 100K. For temperatures below 100K, this model could
not explain the experimentally obtained data, as the intensities of some modes

decrease (v,.,v4 & vs) while the intensities of others do not change or even

increase (vi & v3).

0.05 4

S(Q,w) (arb. units)

0.025 { B

Energy transfer (meV)

~
O
N—r

0.005 -

S(Q,w) (arb. units)

-1 0 1 2 3 4 5 6 7 8 9 10 11 12

Energy transfer (meV)

Fig 4-24 The DHO-model fitted (solid black line) to the experimental data (triangles), at
AE=98ueV, Q=2A"", and (a)T=300K and (b)T=20K.Each contribution is shown with as a dashed
line.
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The temperature development of the inelastic frequencies is shown in Fig 4-25.
Above 100K the behaviour of the inelastic modes is normal, i.e. the modes
slightly soften with increasing temperatures. On cooling some of the modes
disappear (v, and v4 below 50K and vs below 100K), which can be explained by
thermal activation, since we work in the energy gain side. However, v, and v;
show an anomalous behaviour at low temperatures (v, below 50K and v; below
100K) slightly hardening at increasing temperatures. Below 100K the intensities
of these peaks also show a rather anomalous behaviour (see Fig 4-26). Let us
for example consider the case of 100K compared with 50K. While the other
modes are hardly visible at 50K, the intensity of v, does not change and the
intensity of v; decreases only slightly and not as much as the other modes. v,
and v; still exist at 20K. The classical description of thermal activation has no

explanation for this phenomenon.

X Energy resolution 56ueV O Energy resolution 98ueV A Energy resolution 182peV
— 15+
>
£ g
= [m]
S g G | Vs
o
§12.5 -
)
8
S é X ? X A
8 5 a v,
10 -
X B S i s
75 4 . E V3
O o e Vs
5 -
i " - g . °
[m} 2
25 T T T T T T
0 50 100 150 200 250 300
Temperature(K)

Fig 4-25 Thermal behaviour of the IN frequencies obtained at NEAT measurement at three
energy resolutions. The red lines are guides to the eye.
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Fig 4-26 Temperature dependence of the IN intensities at AE=98ueV, Q=2. 1A and three
different temperatures, T=100K (green line), T=50K (blue line) and T=20K (red line).
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Fig 4-27 INS rotational tunneling spectrum of the ammonium ion in phenyl deuterated ATPB at
1.5K recorded at the IN5 spectrometer (ILL) at A=12A, an energy resolution of 10ueV and at
Q=0.84" [41]. The upper trace is magnified 30 times. The energy level scheme of the NH,
librational ground state is shown on the side. The inelastic lines are attributed to the indicated

transitions.
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In the temperature range of 100K to 50K the anomalous behaviour of the
inelastic modes v, and v; is observed while the quasielastic component due to
the ammonium rotation around the C2 axis disappears (see section 4.2). This
observation can be explained as a continuous transition from the quantum-—
mechanical rotation of the ammonium ion at low temperatures to classical
diffusive rotational motion at high temperatures. Several examples of this type
of behaviour in ammonium salts have been reported previously, e.g. [48], [49],
[50], [51] & [52].

In [41], Roberts et al. reported tunneling splitting of the ammonium ion in ATPB
at 1.5K, see Fig 4-27. The energy level schemes for rotational ground state
splitting of a tetrahedral molecule at sites of different symmetry are well known
[53], [54] & [55]. At transitions A<T the energy transfer is twice as high as at
transitions T<E, and the relative intensities of these transitions are 5:4,
respectively [56]. Therefore the bands at +53ueV result from AT transitions
and the bands at +26.5ueV from T<E transitions of ammonium ions at the
cubic site. Roberts et al. [41], [57] also discussed the inelastic modes we
referred to v, and v; and they provided two alternative interpretations for these
modes. The first possibility is that v; and v; are librations of two inequivalent
ammonium ions, one of which occupies a cubic and the other one a tetrahedral
site. The second possible interpretation is the free-rotor model according to
which the modes v; and v;result from 0-2 and 0-3 transitions, respectively.
None of these two interpretations conclusively explains the INS spectra
measured. The 0-1 transition expected according to the free-rotor model at
1.5meV was not found in the INS spectra. A value of 12.4meV was calculated
for the ammonium libration in the tetrahedral site symmetry [41] using the
tunneling frequencies. It is questionable if v; at 8.2meV can be interpreted as a
libration of the ammonium ion at the tetrahedral site. In a crystalline field with a
symmetry lower than Ty, the librational frequency of the ammonium ion splits
[58], and thus the ammonium libration at the cubic site cannot be explained by

vy only .
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According to [59] and [60] the ammonium ions in ATPB are in a Doy site with
very little distortion from the Ty site. The rotational excitations of the ammonium
ions in other compounds of the cubic site have been studied previously, e.g.
[48], [50], [56] & [61] and the tunneling energies are found to be connected with

excited librational states via the so-called random average model [62], [63]

N Eq 4-47
> 0,(T =0)e "

@,(T) ==

N
Z e—En kT
n=0

where @y, is the tunnel frequency of the n" librational state and E, is its energy.
In this model the temperature dependence is explained in terms of a dynamical
averaging between the two frequencies, the tunnel splitting of the ground state
and the first excited state. Prager et al. [48] measured the temperature
dependence of ammonium tunneling in (NH4)2SnCls and fitted the experimental
observed data with the random average model and confirm that the observed
inelastic mode at 13.4meV is the first and the one at 30meV the second excited
librational state. In their measurement the tunneling lines shifted to a lower
energy transfer with increasing temperatures. The relation Eaot/Etopx2
remains valid at all temperatures, but the tunneling lines do not broaden with
increasing temperature, as some theories e.g. [62] suggest. The librational
excited states get more intense at low temperatures when tunneling is

observed.

A comparison of our observation and the work of Prager et al. [48] indicates that
the inelastic modes v; (4.3meV) and v; (8.2meV) are probably the first and the
second excited librational state. As expected for the librational excitations v,
and v; are considerably stronger than the thermally activated phonons at low
temperatures. According to [58], the librational frequency of tetrahedral
molecule splits at the cubic site, which is also in agreement with this
interpretation. Because the temperature dependence of the ammonium
tunneling in ATPB has not been measured yet and the existing theories cannot
explain this phenomenon, we cannot perform fits using Eq 4-47 like Prager et al.

[48]. However, we have performed calculation based on the same theory
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(Eq 4-47) to estimate the temperature dependence of the tunneling frequency

wo(T)= Ea=71(T) for two different interpretations:

(@) N=2: The experimentally determined values v, and v; were chosen to be
the librational energies of the two excited states and the corresponding
tunneling frequencies were the observed values 53ueV and 26.5ueV,
respectively.

(b) N=1: The experimentally determined value v; was chosen to be the first

excited librational state and v, was the corresponding tunneling frequency.

In Fig 4-28 the calculated functions of wy(7T) are shown for both cases.
Interpretation (b) shows that the tunneling frequency rapidly decreases above
10K and disappears at 22K. Interpretation (a) shows that the tunneling
frequency slowly decreases at temperatures above 10K. This means that the
quantum effects get excited slowly at decreasing temperatures below 100K,
which is in agreement with our observation from the INS spectra. Therefore
interpretation (a) is more favorable. We can close this discussion with the
conclusion, that the observed IN mode at 4.3meV (v;) is the first excited
librational state and the observed IN mode at 8.2meV (v;) is the second excited

librational state of the ammonium ion.

60

(62
o
|

N
o
L

L @ ol

(b) o(T)

N
o
|

Tunneling frequency (ueV)
w
o

-
o
|

o

0 10 20 30 40 50 60 70 80 90 100
Temperature (K)
Fig 4-28 Temperature dependence of tunneling splitting as obtained by analysing the low

temperature INS spectra of ATPB with respect to two different interpretations (a)-dashed line
and (b)-solid line.
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4.3.3 Conclusions of the inelastic modes

Five inelastic modes at energy gain side between 3meV and 15meV were
observed at room temperature. These modes result from strongly coupled
librational motions of ammonium ions and torsional vibrations of phenyl rings.
When cooling down below 100K, the torsional vibrations of the phenyl rings are
weakening due to thermal activation and vanish below 50K. Two inelastic
modes remain rather intense even at the lowest measured temperature (20K),
where thermal activation can be excluded as explanation. These modes are
explained in this work as excited librational states of those ammonium ions that

perform rotational tunneling [41].
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5 CONCLUSIONS AND DISCUSSION
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In the framework of this study the dynamics of the ammonium ions and the
phenyl rings, creating an aromatic H-bonding in the ammonium tetraphenyl-
borate, were studied in a comprehensive way with incoherent neutron
scattering. The measured quasielastic and inelastic neutron scattering spectra
were explained over a broad temperature range (20<T<350K). A continuous
transition from quantum—mechanical rotations of the ammonium ions, at low
temperatures, to classical diffusive rotational motion at high temperatures was
discovered. Furthermore, local diffusive motions of reorientation of the phenyl
rings were found to contribute to the measured quasielastic incoherent neutron

scattering spectra at temperatures above 200K.

In a temperature range of 67K<T<350K the quasielastic incoherent neutron
scattering spectra showed classical diffusive rotations of the ammonium ions
around the C2/C3 axis. The correlation time for this motion varies from 12.5ps at
T=350K to 1253ps at T=67K and the activation energy for these rotations was
determined to be 3.2kJ/mol. This result shows that the ammonium ions have to
overcome an exceptionally low barrier to rotate. Our results regarding the
ammonium ion rotations around the C2/C3 axis in ammonium tetraphenylborate
are partly consistent with a previous study of Lucazeau et al. [60], who found an
activation energy of 2.9kd/mol for this dynamical process. But, our analysis is
more precise, as we used a higher experimental energy resolution and a more
accurate model which included also the contribution due to the motions of the

phenyl rings to reproduce the experimental spectra.

At low temperatures (below 67K) quantum-mechanical rotations of the
ammonium ions were discovered. Tunneling of the ammonium ions has already
been reported [41]. We could not observe this tunneling with the used
experimental resolutions. Instead, a narrow quasielastic component at
temperatures below 67K, which could not be explained as a classical diffusive
rotation, was seen. We allege that this component is indicative of the tunneling.
Additionally, analysing the measured inelastic neutron scattering spectra, we
found excited librational states of ammonium at 4.3meV and 8.2meV, which are
linked to the tunneling frequencies via the so-called random average model.

Future investigations of this subject should involve the study of the temperature
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dependence of ammonium tunneling with a back-scattering spectrometer (e.g.
IN10 or IN16 at ILL or IRIS at ISIS). This could further a better understanding of

the transition from quantum—mechanical rotations to classical diffusive rotations.

Another interesting result of the work presented here concerns the motions of
the phenyl rings at temperatures above 200K. On the time scale of our QENS
experiments, damped librational motions of the phenyl rings were observed. We
have described these motions using a reorientational jump-diffusion model to
reproduce the quasielastic neutron scattering spectra. The reorientation angle
and the jump rate of the librations of the phenyl rings increase with increasing
temperatures. At room temperature the librations of the phenyl rings were found
to have a reorientation angle of a=7°+2 and a correlation time of 150+50ps.

This result sheds new light on the phenomenon of the aromatic H-bonding.

Contrary to previous studies the dynamics of the phenyl rings are discussed in
the framework of aromatic hydrogen bonding here. This new approach shows
that aromatic hydrogen bonds are extremely flexible and allow for reorientation
of both, the donor and the acceptor. This is an important result which might

have important implications in the field of biology.

Based on the results presented here, further studies are required for a precise
explanation of the dynamics of the phenyl rings. For this purpose ammonium
deuterated ATPB should be investigated with a backscattering spectrometer
(e.g. IN10 or IN16 at the ILL or IRIS at the ISIS) to study the temperature
dependence of the reorientations of the phenyl rings. These investigations
would also provide an answer to the question whether the phenyl rings flips also

OCcCur.
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Appendix A

Instrument data of NEAT:

Neutron guide:

NL 2 (upper part)

Guide cross-section:

30 x 55 mm2

Double-trumpet cross-section at chopper (1,2):

15 x 55 mm2

Chopper windows:

15 x 60 mm2, 30 x 60 mm2 and 60 x 60 mm2

Distance chopper (1,2) chopper (6,7):

11970 mm

Chopper speed range:

750 rpm, 1000 rpm to 20000 rpm

Incident wavelength range for

monochromatic measurements:

0.18 nm <= A <=1.9 nm;

White beam spectrum:

0.1<=A<=6.0nm

Elastic energy resolution (FWHM) at SD:

6 peV <= AE <= 5400 peV

Elastic energy resolution (FWHM) at MD:

2 eV <= AE <= 3800 peV

Flux at the sample for A = 0.6nm (example):

2 - 104 n/cm2s

for the following elastic energy resolutions:
AE = 250 peV (FWHM) for SD
AE =130 peV (FWHM) for MD

Range of scattering angles for SD:

13.35° <= ® <= 136.65°

Angular range accessible to MD elements:

1° <= P <=137°

Distance sample-SD:

2500 mm

Distance sample-MD:

4080 mm <=L <= 7300 mm

Sample environment:

maxi-cryostat

1.5K<=T <=300 K (100 mm diam.)
cryofurnace

1.5 K<=T <= 570 K (80 mm diam.)
HT-furnace

300 K<=T <=1270 K (70 mm diam.)
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Appendix B
Data processing:
e Correction for detector efficiency

The double differential cross-section is the measured quantity. The connection

between theory and the experiments can be described as

0’ ~ C Eq A-1
0Q0E;, DONAQAtn(E,)

C on the right hand side of the equation represents the count rate of the
scattered neutrons counted at a detector with an efficiency n(£;), placed on a
solid angle AQ between the times ¢ and At, from the incident neutron beam with
a flux density ®. The flux density is not exactly known from the measurements,
instead a relative density can be used, as a tiny portion of the monochromatic

incident neutron beam is detected at the monitor.

The detector efficiency is calibrated by using a vanadium spectrum as an
indicator. The detector efficiency n(E;) depends on the energy of the scattered
neutrons as a consequence of the energy dependence of the neutron
absorption. Therefore the detector efficiency must be corrected for the different
detected neutron energies detected. Vanadium scattering is known to be purely
incoherent, thus it is independent of the scattering angle. A measurement of a
vanadium plate of the same geometry as the sample was therefore used for this

purpose.

e Sample absorption correction

If the sample contains N molecular units per unit volume with a cross section o,

the count rate is attenuated by a factor

AzéeNO'(pﬂ])dV Eq A-2

99



where p+q is the path length of a scattered neutron through the sample of
volume 7, i.e. p is the distance that the incident neutron travels from the surface
of the sample to the point where the scattering happens and q is the path length
from this point to the surface of the sample. The attenuation depends on the
sample geometry, how the sample is placed in the neutron beam and finally on
the scattering angle. Detailed expressions for sample attenuation at different

experimental conditions can be found in literature e.g. [64].

e Background subtraction

To isolate neutron scattering which results only from the sample, sample
environment effects (including e.g. sample container, cryostat, furnace and
exchange gas) must be subtracted from the spectra. For this purpose the empty
sample container is measured on similar conditions as the sample to obtain

identical effects.

e Conversion to energy scale and interpolation to constant Q

The counted neutrons are recorded and histogrammed with respect to their
time-of-flight. The neutrons that arrive to the detectors between times ¢ and Ar
are grouped in the histogram ;. The double differential cross-section for time-of-

flight measurement can be given as follows

2 Eq A-3
09 oy
0Qot

I(g.1) =

It describes the probability that a neutron is scattered into a group of detector
defined by a mean angle ¢, between the times t and 6t. AQ is the solid angle
subtended by the group, At is the width of the time window, ® is the flux density

of the neutrons incident on the sample and n is the detector efficiency.

Overall scale factors that do not depend on time or neutron energies can be left
out in the conversion calculations, in order to obtain a simpler formalism. The
double differential cross-sections taken with respect to time are connected to

double differential cross-sections with respect to energy
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oo 8o (dEjj %0 ) ; Eq A-4
o oc {
0Q0w )\ 0Q0E, | dt 8Q0t

where E; is the final energy of the scattered neutron.

The scattering function can now be given as

S (¢, w) < i[ o’c ]13 o ](¢,t)t4 Eq A-5

Because the neutron scattering data are collected as a function of the scattering
angle ¢, the corresponding momentum transfer values will be calculated. For
the elastic scattering the magnitude of the wave vector is conserved and the

momentum transfer is given as

47rsin(%j =4 A

A

0=

where A is the wavelength of the incident neutrons. For the inelastic scattering
the momentum transfer depends on both, the direction and the magnitude of the

incident and scattered wave vectors. Therefore the connection between the
momentum transfer 0 and the scattering angle ¢ for inelastic scattering is given

as

0’ =k? + ki — 2k,k, cos¢ Eq A-7
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Appendix C

Calculations to determine the deuteration percentage of ATPB-d:

In literature [24] the absorption values are normally given for a wave length of

1.794A. The absorption values in the last column have been corrected for the

used wavelength of 8A.

Atom | Atomic Total scattering | Absorption Absorption
mass Cross section cross section for | cross section for
M [g/mol] | & [cm>10'%] 1.794A 8A
o, [cm*1029 o, [cm*102
H 1.008 82.03 0.3326 1.4832
D 2.0155 7.64 0.000519 0.0156
C 12.01 5.559 0.00353 0.0023
N 14.01 11.51 1.9 8.4727
B 10.81 5.24 767 3420.290
The scattering probability of ATPB [NH4 (CeHs)4B] is
pATPE _j_ (PATPB +PATPB) Eq A-8

abs

ATPB ) NA

0 abs

= expl:
= exp[—

ATPB ATPB ATPB
0 abs NA (0-
—exp| —
MATPB 2

. MATPB 2

T-r

(24 O-abs+24 O-abs abs
24-M" 124 M+ MY +MP ).z’

abs +0-

C
) +24- (O-abs Oc ) + O-abs + 0- -+ O-abs

exp| —

)-N, mATPB]

B
Usc)'NA'm

ATPB }

ATPB

[24 (O-abA
24-M" +24- M+ MY +MP ).z’

=0.091058
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The scattering and absorption probabilities of ATPB-d [N(Dx Hy)4 (CeHs)s B] can

be given as functions of x

PP (x) =ex [4x- (0 + O — O —Oup) ¥ 0+ ;stPB] N, -m/TEd ] | EA A
" [4x-(MD _MH)+MATPB ~7r~r
- Eq A-10
pATPB- d( )= 1—exp| - [4x- (O-abs - abg)+0fbfPB]-NA . ATPB=d q
abs [4x-(MP = M"Y+ MATPE]. 712
Then the scattering probability of ATPB-d as a function of x is
ATPB A (x)=1- ( ATPB=d (1) | pATPB=d (y )): Eq A-11

abs

exp| — [4X (o-abs — abs) + Gﬁang] ) NA ) mATPB_d _
[4x-(MP =M™+ MATBY. 72 p?
o) 502 0l ol —all) £l )N
| [4x-(MD—MH)+MATPB]-7r-r2
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Appendix D

The FORTRAN code to calculate the structure factors for the 7-site
jump model

Following characters in the FORTRAN code correspond to the variables as

given:
-Q is momentum transfer vector
-d is the N-H distance
-mu is the tilt angle called &
-p is the probability of site S;
EISF, A4, (Q) real t53
real t56
real function sf0(Q,d,mu,p) real t57
real Q real t58
real d real t6
real mu real t61
real p real t66
real t1 real t67
real t10 real 68
real t11 real t78
real t12 real t79
real t15 real t81
real t20 real t85
real t21 real t9
real t22 t=p72
real 123 t3 = sqrt(2.E0)
real t24 4 =173
real t27 5=d"2
real 13 t6 = cos(mu)
real 130 t9 = sqrt(-t5*(-1+t6))
real t4 t10 = t9*t5
real 46 t11 = sqrt(3.E0)
real 148 t12 = t10*t11
real t49 115 =162
real t5 20=Qt3
real 150 t21 = t20*t9
real 151 t22 = sin(t21)
t23 = p*t22
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t24 = t5*t11
t27 = t24*t15
t30 = t1*t22
t46 = -1+t15
t48 = sqri(-t5*t46)
t49 = Q*t48
t50 = sin(t49)
t51 = t50*t3
t53 = t9*t11*t48
t56 = t51*t9
t57 = t11*t48
t58 = t57*p
t61 = t57*t1
t66 = sin(Q*t11*t48)
t67 = t66*t3
t68 = t9*t48
t78 = sin(2*t49)
t79 = t78*t3
t81 = t79*t9
t85 = -14*t4*t12+14*t4*t10*t11*t15-
24*123*124+24*t23*t27+24*t30*
#t24-24*t30*t27-
2*120*t12+2*t21*t27+4*t21*t24*p-
4*t21*124*p*t15-4%
#51*t53+8*t56*t58-4*t56*t61-
4*t67*t68+8*t67*t68*p-4*t67*t68*t1-t79*
#t53+2%t81*t58-t81*t61
sf0 = t85*t3*t11/Q/t9/t5/t146/72
return

end

EISF, A17(Q) corresponding to the HWHM

A, =K.+ K,

real function sf1(Q,d,mu,p)
real Q

real d

real mu

real p

real t1

real t11
real t12
real t18
real t2
real t20
real t21
real t22
real 23
real 26
real t3
real t30
real t31
real t36
real t37
real t6
real t7
t1 =d*2
t2 = Q"1
t3 = sqrt(3.E0)
t6 = cos(mu)
t7 = t6**2
t11 = p*Q
t12 = t1*t3
118 = -1+t7
t20 = sqrt(-t1*t18)
t21 = Q*t20
t22 = sin(t21)
t23 = t22*t3
t26 = t20*p
t30 = sin(2*t21)
t31 = t30*t3
t36 = sin(Q*t3*t20)
t37 = t36*t20
sf1 = -(2*12*t3-2*t2*t3*t7-
2*111*112+2* 11111 2*t7+2*123*t120-2*12
#3*126-t31*t20+t31*t26-
2*t37+2*t37*p)*t3/Q/t1/t18/18
return

end
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EISF, A4, (Q) corresponding to the HWHM t32 = t31*t20

t37 = sin(2*21)
A, =Kk, + 4K,

t38 = t37*t3
sf2 = -(2*t2*t3-2*t2*t3*7-
real function sf2(Q,d,mu,p) %1 1411 2+ 2% 1*H1 24 7-4*123*120+4*12
real Q #3*126+4*t32-4*t32*p-
real d t38*120+38*126)*t3/Q/t1/t18/36
real mu return
real p end
real t1
real t11
real t12 EISF, 4, (Q) corresponding to the HWHM
real t18
real t2 Ay =Ko +3K,
real t20
real t21 real function sf3(Q,d,mu,p)
real t22 real Q
real 23 reald
real 26 real mu
real t3 real p
real t31 real t1
real t32 real t11
real t37 real t12
real t38 real t19
real t6 real t2
real t7 real t21
real 23

t1 =d*2 real t24

t2 = Q"1 real t28

t3 = sqrt(3.E0) real t3

t6 = cos(mu) real t30

t7 = t16**2 real t31

t11 = p*Q real t33

t12 = t1*t3 real t35

t18 = -1+t7 real t36

t20 = sqrt(-t1*t18) real t6

t21 = Q*t20 real t7

t22 = sin(t21)

t23 = 122*t3 t1=d*2

t26 = t20*p t2 = Q1

t31 = sin(Q*t3*t20) t3 = sqrt(3.E0)
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t6 = cos(mu)

t7 = t6**2

t11 =p*Q

t12 = t1*t3

t19 = -1+t7

t21 = sqrt(-t1*t19)

t23 = sin(Q*t3*t21)

t24 = t23*t21

128 = Q*t21

t30 = sin(2*t28)

t31 = t30*t3

t33 =t21*p

t35 = sin(t28)

t36 = t35*t3

sf3 = -(2*12*t3-2*t2*t3*t7-
211 1*112+2*t11*t12*t7-2*t24+2*t24*p+

#t31*t21-t31*t33-

2*t36*t21+2*t36*t33)*t3/Q/t1/t19/18

return

end

EISF, 4, (Q) corresponding to the HWHM

Ay :Kc/p

real function sf4(Q,d,mu,p)
real Q
real d
real mu
real p
real t11
real t15
real t17
real t21
real 22
real t28

real t3

real t30
real t31
real t32
real t35
real t4
real 40
real 146
real t5
real t6

real t9

t3 = sqrt(2.EQ)

t4 = Q*3

t5 = d**2

t6 = cos(mu)

t9 = sqrt(-t5*(-1+t6))
t11 = sqrt(3.E0)

t15 = t4*t9

t17 = t6**2

t21 = sin(t15)

t22 = t21*t5

t28 = -1+t17

t30 = sqrt(-t5*t28)
t31 = Q*t30

t32 = sin(t31)

t35 = t9*t11*t30

t40 = sin(Q*t11*t30)
t46 = sin(2*t31)

sf4 = -p*(-1+p)*(-

14*14*t9*15*t11+14*t15*t5* 1 1*t17+24*t22*t
11-2
#A*22*t11*117-4*t32*t3*t35-
4*t40*t3*19*t30-t46*t3*t35)*t3*t11/Q/t9
#/t5/128/72

return

end
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Appendix E

Calculations to determine the scattering probabilities of the QE

components:

The masses of the samples are m*"?=0.6g and m?*""*?=0.41g. N, is the

Avogadro’s number (6.022:10%mol™), the radius of the sample container is

r=2.5cm, the molecular mass of the samples are M*""#=337.25g/mol and

M "54=340.38g/mol. The scattering and the absorption cross sections are

given in the Appendix C. The scattering probability of the 77% deuterated

ammonium groups in the ATPB-d is

PszPB_d [(D4 )0.77 (H4 )0.23 ] =

40770

abs

1- Pz:lTPB_d [(D4 )0.77 (H4 )0.23 ] -

b 1023 01

abs

ATPB-d
Pabs

[(D4 Yo.77 (H 1) 023 ] =

)N, . mATPB~d

exp
M ATPB—d

| [4-0.77-02 +0.77 -5}

abs

2

T r

+0.23-c +0.23.01;

ATPB—
abs)'NA “m ¢

exp

0.00364

MATPde

7T-r

2

Eq A-12

The scattering probability of the ammonium groups in ATPB is

H
4- O 4bs

exp| —

PIPH = 1- R [H, ]

MATPB .2

0.01768

ATPB
N, om }

ATPB
Pabs

[H4]=

H H ATPB
[4'(0-30 +O_abs)'NA -m

MATPB 2

Eq A-13
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