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Abstract

It has long been known that a number of acid salt crystals of various carboxylic
acids contain one-dimensional anionic chains linked by short and symmetric hydrogen
bonds. The hydrogen-bonded chain structure is thought to be essential for appearence
of various interesting physical properties such as high dielectric constant, finite electrical
conductivity, unusual infrared absorption spectrum, existence of phase transition, and so
on, in these materials. It is important to investivagate the structure of the hydrogen bond
and dynamic behavior of the acidic hydrogens in it for understanding these properties as
well as possible relation of short hydrogen bond networks to some biological activities.

The present study examined the structure and dynamic properties of short hydrogen
bonds, especially the possible existence of correlated motion so-called solitons, in three
crystalline acid salts, i.e., potassium hydrogen telephthalate (KH(tp)), potassium hydro-
gen acetylenedicarboxylate (KH(adc)), and a-form of rubidium hydrogen acetylenedi-
carboxylate (a-RbH(adc)), which contain or are believed to contain very short one-
dimensional hydrogen-bonded chanis.

First of all, to investigate the detailed geometry of the hydrogen bond in these
compounds single crystal X-ray diffraction experiments were carried out on KH(tp) and
a-Rb(adc). The hydrogen bond in KH(tp) and o-RbH(adc) are crystallographically sym-
metric, and very short, i.e., 2.459A and 2.449A, respectively. The differential Fourier
synthesis map suggested two stable positions of the acidic hydrogen in the hydrogen bond
for each of these compounds.

The proton NMR measurements indicated that the dynamic delocalization of the
hydrogen takes place within the hydrogen bonds in all of these three compounds. The
spin-lattice relaxation rate Tj ' of protons increased with increase in temperature and, in
the case of KH(adc), assumed a maximum at relatively high temperature. It is governed
obviously by the dipolar interaction between nearby protons which are moving within the
respective hydrogen bonds. However, the observed Larmor frequency dependence of T;!
cannot be interpreted by usual BPP theory for stochastic excitation of molecular or ionic
motion.

A model of kink soliton, which is brought about as the limiting case of very strong
interaction between the successive hydrogen bonds in the one-dimensional chain, was
applied to interpret the observed T; . Although this model was successful to interpreting
the frequency dependence of 77! in KH(tp) to some extent, there still remains significant
discrepancy in the cases of other two materials.

By a close examination of the present hydrogen bond systems, it was found that

the unusual behavior of T of protons in three compounds can be reproduced by a
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phenomenological model based on moderately strong soliton-like interaction between the
hydrogen bonds.

The models assumes that the kink defects, that is, the state in which some hydro-
gens are located at their “wrong” sites, in the hydrogen bonded chain are frozen at low
temperatures and that the number of such defects is small as can be supposed from the
energetic point of view. Providing that at some instance the kink defect proton itself
or one of its neighboring protons undergoes a jump in the local double minimum poten-
tial; this jump induces fluctuation in the dipolar interaction between protons and this
resultant fluctuation transmitts through the chain by the spin-diffusion mechanism, and
contributes to Ty !.

At high temperatures the potential energy functions for the hydrogens in individ-
ual hydrogen bonds are strongly modulated in space and time when stochastic jump of
hydrogens at or near the kink defect happens to occur. Thus at sufficiently high tem-
peratures some correlated motions of hydrogens in the chain may be induced, responding
to the instanteneous variation of their potential energy barriers. Such a situation can
be phenomenologically represented by introducing a distribution of the potential energy
functions at the local hydrogen bonds. In the present case the Cole-Cole type distribution
function for the apparent correlation time of motion was successfully applied to interpret
the frequency dependence of Ty! for each of three materials. In this model the strength of
the correlation among the proton motions was evaluated by the magnitude of a parameter
6 (0 < 6 < 1), where the smaller value of delta corresponds to stronger correlation.

The analysis of T;! for the three compounds by this “pseudo soliton model” or,
in other words, chaotic hydrogen motion model brought about the following results: The
activation energy for proton jump near the frozen kink defect in the low temperature region
is 520K for KH(tp), 100K for KH(adc), and 150K for RbH(adc); in the high temperature
region the apparent activation energy (and the strength of the correlation, delta) for the
hydrogen motion is 570K (6 = 0.65) for KH(tp), 2000K (6 = 0.3) for KH(adc), and 900K
(6 = 0.25) for RbH(adc). To evaluate the values of these parameters with respect to the
formation energy of solitons and rate of soliton transport in other similar materials is,
however, a future problem because no such data on solitons are available at the present
stage.

It is noted that a linear temperature dependence of the quadrupole coupling constant
of acidic deuterium in the hydrogen bond was found by 2H lineshape measurement; this
result suggests that the reduction of the hydrogen bond length Ro...0 occurs on cooling the
sample of KD(adc) and RbD(adc). The thermal contraction (or expansion) coeflicient of
the hydrogen bond length was estimated for KD(adc) to be ARo..o/AT ~ 1.2x 10~4A/K,

which is of the order of the thermal expansion coefficient of usual molecular crystals. This
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effect may brings about a decrease of the effective activation energy for the hydrogen on
cooling and at last the potential energy function for the acidic hydrogen is expected to

be pure single minimum one at extremely low temperatures.
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Chapter 1

Introduction

Hydrogen bond plays very important roles in many substances such as water, ice,
ferroelectric crystals, protein, nucleic acid and other many molecular aggregates. In these
substances it is considered that their structure and physical properties are greatly influ-
enced by hydrogen bond between molecules or ions. Hydrogen bonds are much stronger
than usual intermolecular forces and have distinctive directionality. Therefore the hydro-
gen bond often causes many interesting phenomena. The hydrogen bond length (Ro..0)
in O-H- - -O varies widely from 3.0A to 2.4A. Physical properties of hydrogen bond also
vary as the length varies. One of the most representative properties is the potential en-
ergy the hydrogen experiences. Because of these interesting nature and importance the
hydrogen bond has been studied from various points of view over a long time.

In solid state hydrogen bonds often make the network of molecules or jons connected
by hydrogen bonds. Such a hydrogen bonded network has been investigated actively in
relation to the physical property, dielectric behavior, phase transition and so on of solid
~state. In one-dimensional hydrogen bonded network, especially the existence of coopera-
tive mode has been a controversial problem for a long time. This was firstly proposed to
explain the ionic conductivity of ice, which was known to show high ionic conductivity
in the direction along the hydrogen bonded chain. In this explanation an ionic defect is
represented as the center of a kink soliton, which is extended over many hydrogen bond
cites. Ionic conduction along the hydrogen bonded chain could be interpreted as the
translational motion of this kink soliton along the chain. This kink soliton is generated
by relatively strong coupling between neighboring hydrogen atoms in the chain.

Many theoretical studies have been done to describe properties of such a kink soli-
ton [1-3]. In spite of many efforts, the existence of kink soliton is not clear so far. Most of
studies about hydrogen bonded chain are concerned with ice - --O-H- - -O system. How-
ever experimentall studies of other hydrogen bonded chain were performed by several
researchers. Blanchet et al. proposed kink soliton mechanism to explain IR spectra of ac-
etanilide [4]. Moritomo et al. suggested the existence of trapped kink soliton in molecular
chain of B-diketones from their optical spectra [5].

Acid salt is the salt in which a part of acid hydrogens are substituted by other
cations. The remaining acid hydrogens form short hydrogen bonds with negatively charged
anions. Many acid salts of dicarboxylic acid form the one-dimensional infinite chain con-
nected by hydrogen bonds in the crystalline state. Double hydrogen bonds connect car-
boxyl groups in the crystal of dicarboxylic acid On the other hand, a single hydrogen
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Double hydrogen bond connection in dicarboxylic acid crystal
0 | I(l)
-'O /C .-O X/C\ H.-O\
\O"H \C /X \O”H \C/ 0
0 0
Single hydrogen bond connection in acid salt of dicarboxylic acid

Figure 1.1: Hydrogen bonded network in dicarboxylic acid and it’s acid salt

bond connects carboxylate anions in an acid salt crystal. In the double hydrogen bond of
dicarboxylic acid it is found that the simultaneous double proton transfer can take place.
But the dynamics in one-dimensional hydrogen bonded chain in an acid salt has not yet
been investigated. Its one-dimensional chain structure suggests the existence of a coop-
erative mode, so called “kink soliton”. In the present study the dynamics of hydrogen
atom in acid salts of dicarboxylic acids are investigated with the view of this cooperative
mode. |

The static and dynamic properties of the hydrogen bond are dominated by the
potential energy function for the hydrogen atom in hydrogen bond. The potential energy
function has double-minima in a long hydrogen bond. The potential barrier between two
wells becomes smaller as the hydrogen bond length becomes shorter. It is considered that
the potential energy function tends to have a single minimum in the very short hydrogen
bond being less than 2.47A (called a critical length which was derived as the criterion for
the existence of phase transition). Structural properties of hydrogen bond in acid salts of
carboxylic acid have been investigated since 1960s by several researchers, particularly by
Speakman and co-workers. Hydrogen bonds connecting dicarboxylate anions belong to

short hydrogen bonds and have similar or shorter lengths to the critical length. In these
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old studies it is concluded that the hydrogen atom locates at the midpoint of a single-
minimum hydrogen bond. Thérefore dynamic properties of hydrogen bond in an acid salt
of carboxylic acid have not been considered, because of the single-well potential character
expected in such a short hydrogen bond. But some recent experimental observations [6-13]
pointed out that the problem concerning the potential function in acid salts has not solved
yet, and that very close examination of a so-believed single minimum hydrogen bond (see
section 3.1) and its dynamical properties are required.

Acetylenedicarboxylic acid and terephthalic acid are typical dicarboxylic acids with
rigid linear molecular frame with two carboxyl groups on its both sides. It is expected
that the rich m-electrons in the acid anions would be effective influences between neigh-
boring hydrogen bonds. In the present study potassium hydrogen acetylenedicarboxylate
(KH(adc)), rubidium hydrogen acetylenedicarboxylate (RbH(adc)), and potassium hydro-
gen terephthalate (KH(tp)) were chosen as model compounds to study the dynamics of
the hydrogen bonded chain of acid salts of dicarboxylic acid. The structures of RbH(adc)
and KH(tp) was determined by single crystal X-ray diffraction (Chapter 3). To charac-
terize the hydrogen bonds in these mdterials, 'H and 2H NMR spectra were measured.
Observed spectra are compared with the previous data about NMR spectra of hydrogen
bonded system investigated by a number of researchers [14] (Chapter 4). Finally dynam-
ics of hydrogen atoms in these hydrogen bonded materials were investigated by measuring

the spin-lattice relaxation rate of 'H (Chapter 5).



Chapter 2

Samples

2.1 Preparation

2.1.1 Potassium Hydrogen terephthalate, KH(tp)

Potassium hydrogen terephthalate (KH(tp)) was prepared by the similar method
to the Cobbledick’s preparation of ammonium hydrogen terephthalate (NH H(tp)) [15].
KOH was dissolved in mixed solvent of H,O and N,N-dimethylformamide (DMF). The
solution of KOH was poured slowly into the DMF solution of the stoichiometric amount
of terephthalic acid (TPA). The white powders were precipitated immediately. Recrystal-
lization of the precipitates from the 1:1 mixed solvent of H,O and DMF by slow cooling
from c.a. 80°C brought about colorless needle like crystals. Chemical analysis found:
C,47.17%; and H,2.56%; calculated for CsHsO.K: C,47.05%; H,2.47%. An X-ray diffrac-

tion study found that it is isomorphous to ammonium hydrogen terephthalate (see section
3.3).

2.1.2 Potassium hydrogen acetylenedicarboxylate, KH(adc)

Potassium hydrogen acetylendicarboxylate (KH(adc)) was purchased from Tokyo-
Kasei Inc. and recrystalized by slow cooling of c.a. 45°C saturated aq. solution. KH(adc)
was slightly unstable to heat and light. Especially above 50°C in aq. solution decomposi-
tion occurred with generation of gas. Therefore specimen was recrystalized very carefully.
The specimen was identified by chemical analysis which found: C,31.62%; and H,0.84%;
calculated for C;HO4K: C,31.5%; H,0.66%. The X-ray powder diffraction pattern coin-
cided with calculated ones (according to lattice constants of Leban et al. [16]) within the
experimental error.

(Partial) deuteration of KH(adc) was carried out by evapolation of (partially) deuter-
ated aq. solution of KH(adc) in vacuo. In the subsequent chapters the percentage of
deuteration means the atomic percentage of deuteron in the source aq. solution. Ra-
man spectrum varied with the extent of deuteration (see section 2.2). This observation

indicated that the specimen is homogeneously deuterated.
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Figure 2.1: X-ray powder diffraction patterns for KH(adc), using Cu-K, radiation.

2.1.3 Rubidium Hydrogen acetylenedicarboxylate, RbH(adc)

Anhydrous acetylenedicarboxylic acid (ADCA) was purchased from Aldrich Inc. and
purified by vacuum sublimation. RbH(adc) ag. solution was prepared by adding the stoi-
chiometric amount of ADCA powder to RbyCO3 ag. solution. After filtering the solution
to remove a trace of insoluble impurities, RbH(adc) was crystallized by slow cooling of
concentrated solution. Chemical analysis found: C,24.19%; and H,0.55%; calculated for
C4HO4Rb: C,24.20%; H,0.51%. For RbH(adc) two modifications were reported at room
temperature, i.e., monoclinic a-form and triclinic -form {17]. Structural analysis revealed
that the latter has an asymmetric (type B,) hydrogen bond [17]. The complete structure
of the former has not been solved yet, but the powder diffraction pattern indicates that the
a-form is isomorphous with KH(adc) [17]. X-ray powder diffraction of the present spec-
imen resembles KH(adc)’s and peak positions coincide with those of a-form [17] within
the experimental error. It was therefore concluded that the specimen of RbH(adc) in this
work is the a-form. In this work it was also found that the a-form RbH(adc) is isomor-
phous to KH(adc) crystal by a single crystal X-ray diffraction experiment (see section
3.4). Deuteration of RbH(adc) was also done by the same way as in KH(adc). Chemical
analysis for full(99%) deuterated sample (RbD(adc)) found: C,24.08%; and D(H),1.04%;
calculated for C4Dgg9Hg0104Rb: C,24.08%; D(H),1.00%. The powder X-ray diffraction
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pattern of RbD(adc) was not changed significantly by deuterarion (Fig.2.2). Deuterated

compound was also confirmed to be the a-modification.

2.2 Raman spectra of KH(adc) and RbH(adc)

Raman spectra of (adc) acid salts and their deuterated crystals were observed.

Fig. 2.3 and Fig. 2.4 show the results for (deuterated) KH(adc) and RbH(adc), respectively.
Spectra of KH(adc) and RbH(adc) resemble each other. The bands in the region 900-
500 cm™! varied with the extent of deuteration. For KH(adc) the enlarged spectra in
this region are shown in Fig.2.5. As the deuteration proceeded, the intensity of the

! was reduced and a new peak appeared at 802cm~! and its intensity

peak at 829cm~
increased. This seems to show the successful deuteration over the specimen. In the
500-800cm™! region a complex change in the spectra was also observed. Delarbre et al.
observed the Raman spectra of ag. solution of KH(adc) and KD(adc) [18]. According
to their assignment, the bands at 829 and 802cm™! are »(C-COOH) and »(C-COOD) !
respectively. In addition several significant differences were seen between spectra in crystal
and solution. These are considered to be due to the difference of the molecular symmetry.

In solution the HC,OF anion has planar C; symmetry [18].

2.3 IR spectra of KH(adc) and RbH(adc)

IR spectra of MH(adc) were measured in collaboration with T. Sekikawa and T.
Mitani of the Institute of Molecular Science. Measured spectra by FT-IR using KBr disks
are shown in Figs. 2.6-2.8. These spectra have typical characteristics of the short type A
hydrogen bonds [19,14].

1

1. vo_n appears in very low frequency region between 500-1000cm™" where v,ono)

appears.
2. vo.y forms an extremely broad band.

3. Transmission windows can be observed.

Significant temperature dependence in C=0 and C-O vibration regions (near 1700cm™*

and 1300cm™" respectively) was observed in KH(adc) and RbH(adc).

1They appeared at 825 and 820cm™=! in aq. solution.
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(a) Normal RbH(adc)
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Figure 2.2: X-ray powder diffraction patterns for (a) RbH(adc), (b) RbH(adc)-99%d,
using Cu-K, radiation.
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Figure 2.3: Raman spectra of KH(adc):top and KH(adc)-99%d:bottom.
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Figure 2.4: Raman spectra of RbH(adc):top and RbH(adc)-99%d:bottom.
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Figure 2.5: Variation of Raman spectra of KH(adc) for various deuteration ratio, (a)

Normal, (b) -10%d, (c) -30%d, (d) -50%d, (e) -70%d (f) -90%d, (g) -99%d.
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Figure 2.6: IR spectra of KH(adc).
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2.4 Other specification of samples

To examine the existence of the phase transition, DTA (Differential Thermal Anal-
ysis) and X-ray powder diffraction experiments at several temperatures were conducted.

No thermal anomaly was detected on DTA(Differential Thermal Analysis) of KH(adc)
from room temperature to 100K. Temperature dependence of the powder X-ray diffrac-
tion of KH(tp) did not show any significant change from room temperature down to 98K.
These results indicate that KH(adc) and KH(tp) do not undergo any phase transition

between 100K and room temperature.



Chapter 3

Crystal structure determination

3.1 Introduction

Speakman classified hydrogen bonds in acid salts of carboxylic acid into Types A
and B (and Types A; and B, as special cases for acid salts of dicarboxylic acid) by the
presence of symmetry element (for example, ¢, m, 2) at the mid point between two oxygen
atoms (see ref. [20] and references therein). It was found that Type A(A;) hydrogen bond
is shorter than Type B(B;). The hydrogeﬁ atom in many Type A(A;) hydrogen bonds
was found at the center of the hydrogen bond. But in some cases the structure was solved
assuming that the hydrogen atom locates at the midpoint in the hydrogen bond and so
the possibility that the hydrogen locates at some displaced point from the center was not
taken into account.

But some exceptions were also known. Potassium hydrogen meso-tartrate [21,22]
and potassium hydrogen succinate [23] were typical examples. In these salts X-ray differ-
ential Fourier map without acid hydrogen atom showed distinct double peaks located at
the equally displaced points from the center of hydrogen bond [24,25]. On the contrary
neutron diffraction study revealed that the hydrogen atom position in these crystals is the
center of hydrogen bond [22,23]. Speakman and co-workers considered that this inconsis-
tency was due to anisotropic anharmonic vibration of hydrogen atom, and the apparent
double minimum character in differential map was fictitious {25]. And this phenomenon
has been called ‘KKM’(Kroon-Kanters-McAdam) effect [22,25,26]. After all it was con-
cluded that hydrogen atom locates at the center of the symmetric Type A(A;) hydrogen
bond (means a single minimum potential).

However some new views were proposed in recent years. Fillaux et al. studied
vibrational spectra of some acid salts by infrared, Raman, and INS (inelastic neutron
scattering) [6,7]. They estimated the hydrogen bond potential energy function using
their vibrational spectral data [6,7]. They observed an intense sharp band in the region
of a few hundred cm™! and assigned it to “tunneling” band in “quasi-symmetric” double
minimum potential. Their assignment is based on two interesting assumptions. First,
double minimum potential was assumed in the salts which have strong Type A hydrogen
bonds. Secondly, Fillaux et al. stated that a hydrogen bond which looks like symmetric
by macroscopic measurements (like diffraction technique) could be asymmetric by micro-
scopic study. They called this ‘quasi-symmetric’ hydrogen bond. Their statement is based

on the fact that the diffraction measurement can only determine the averaged structures.

15
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Kalsbeek et al. determined the crystal structures of acid salts of succinic acid by X-
ray diffraction and found that the crystal structures are best described by putting the acid
hydrogen atom at two equally populated equivalent sites on both sides of the center of the
Type A; hydrogen bond (Ro..o is 2.4448(5)A for methylammonium salt, 2.4395(7)A for
dimethylammonium salt, 2.4370(7)A for diethylammonium salt, 2.4272(9)A for partially
deuterated sodium salt and 2.4406(15)A for rubidium salt) {8-10]. Mallinson et al. also
reached the same result as that of Kalsbeek et al. for sodium hydrogen succinate (Ro..o
is 2.4277(5)A) [11]. In their structure analysis it was noticed that the temperature factor
of the hydrogen atom is too large when the hydrogen bond is considered as a single
minimum. Noda et al. observed an interesting phenomenon in the X-ray diffraction
of KsH(SOy4): [12]. K3H(SO4); also has a symmetric hydrogen bond and its Ro..o is
2.493A at room temperature. With lowering temperature Ro...0 becomes short and the
differential Fourier synthesis contour map for the hydrogen bond varies from double peaks
to a single peak. This suggests that there is no clear distinction between the single
minimum hydrogen bond and the double minimum hydrogen bond. The judgement based
on the existence of the phase transition is not always valid, because a double minimum
hydrogen bond could transform to a single minimum hydrogen bond without the change
of crystal symmetry. Therefore the value of the critical length has to be redetermined.

Perrin et al. found that mono anions of dicarboxylic acid in ag. solution were in
equilibrium between tautomers by a precise NMR study [13]. Those anions form sym-
metric single minimum hydrogen bonds in the crystalline state. Perrin et al. considered
that this inconsistency was due to the interaction between the solvents and the anion.
Interactions in the hydrogen bonds in the hydrogen bond network could vary the potential
energy largely. We should not have been prejudiced about the hydrogen atom position in
short and symmetric Type A(A:) hydrogen bond.

Crystal structures of KH(tp) and RbH(adc) are expected to be isomorphous with
other acid salts with different cations. But detailed structures have not been determined
yet. In this work it is necessary to know the detailed geometry of the hydrogen bond, and
so the crystal structure determination by single crystal X-ray diffraction was carried out.
The used apparatus and the experimental procedures are briefly described in section 3.2.
The solutions of the structures for KH(tp) and RbH(adc) are described in section 3.3 and
3.4, respectively.

3.2 Experimental

In this work two crystal structures of two materials were newly determined. In this

section the common procedure to both measurements and structure resolution procedure
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Table 3.1: Experimental details of X-ray diffraction

Diffractometer
Number of reflections for 25
unit cell determination
Diffractometer Rigaku AFC5R
Radiation Mo K, (A = 0.71069A)
Attenuators Ni foil (factors: 3.6, 12.2, 44.1)
Take-off angle 6.0°
Detector Aperture 6.0 mm horizontal, 6.0 mm vertical
Crystal to detector distance 40 cm
Scan type w-20
Scan rate 8.0°/ min (in w) (2 rescans)
20 max ‘ 60.1°

Structure Solution
Program for calculation TEXSAN [27]
Structure solution method  Direct method by MITHRIL [28]
and DIRDIF [29]
Function minimized Y w(|Fy] — |Fe])?
Weighting scheme w = (02(F,) + 0.00090%(F,))!
Criterion for ignoring peaks I < 3.000([)

are described.

X-ray diffraction measurement was made on a full-automated four-circle diffractome-
ter (Rigaku Co. Ltd. model AFC5R) with graphite-monochromated Mo K, radiation and
12kW rotating anode X-ray generator at the X-ray Diffraction Service of the Department
of Chemistry, Faculty of Science, Osaka University. Specifications of the diffractometer
and the measuring conditions are given in Table 3.1.

The data were collected at room temperature using the w-20 scan technique up to
the maximum 26 value of 60.1°. The weak reflections (I < 10.0s(I)) were rescanned (max-
imum of 2 rescans) and the counts were accumulated to assure good counting statistics.
Stationary background counts were recorded on each side of the reflections. The ratio of
peak counting time to background counting time was 2:1. The diameter of the incident
beam collimator was 0.5mm and the crystal to detector distance was 40cm.

All calculations were performed using TEXSAN [27] crystallographic software pack-
age. The structure was solved by direct methods using MITHRIL [28] and DIRDIF [29].
Neutral atom scattering factors were taken from Cromer and Waber [30]. Anomalous
dispersion effects were included in F;; the values for anomalous dispersion term A f’ and
A f" were those presented by Cromer [30]. The function 3~ w(|F,| — |F¢|)? was minimized
for refinement. The weighting scheme was based on counting statistics and included a
factor (p = 0.03) to downweight the intense reflections.

After all calculations, plots of ¥ w(|Fy| — |F.|)? versus |Fp|, the reflection order
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in data collection, sin §/l, and other various classes of indices were checked to show no

unusual trends.

3.3 Potassium hydrogen terephthalate

3.3.1 Data collection

A needle like colorless crystal with dimension of 0.7 x 0.3 x 0.05 mm?® was used for
measurement. The unit cell and crystal orientation were determined by least squares
refinement using 25 reflections in the range 3.00 < 26 < 60.00°. The monoclinic unit cell
with the lattice constants: a = 18.776(6)A, b = 3.761(3)A, ¢ = 11.150(4)A, B = 94.72(3)",
V= 784.6(8)A3 was obtained. A unit cell contains 4 formula units (CsH504K), and the
calculated density is 1.729g/cm?3.

w scans of several intense reflections, made prior to data collection, had an average
width at half-height of 0.39°with a take-off angle of 6.0°. The intensity data were collected
as described in section 3.2, The scan rate was 8.0°/min in w axis and the scan width
Aw was 1.37° + 0.35°tan 6. 1320 reflections among the 1359 observed reflections were
independent (R, = 0.016).

During the data collection, the intensities of three representative reflections were
monitored after every 100 reflections. The intensities of these reflections decreased only
slightly (0.20%) and all intensities were corrected linearly toward this decrease. The linear
absorption coefficient for Mo-K, was 6.4cm™. An empirical absorption correction based
on the azimuthal scans of several reflections was applied. The transmission factors were
between 0.86 and 1.00. The data were also corrected for Lorentz and polarization effects.
957 independent reflections chosen by the criterion (I < 3.00(I)) for ignoring data, were

used in the structure refinement.

3.3.2 Structure solution

Based on the systematic absence of hkl : h+k # 2n, h0l : | # 2n, the space group is
either C'¢(No.9) or C2/¢(No.15) as in the case of RbH(adc). A statistical analysis of the
intensity distribution indicated centric space group, i.e. the C2/c space group. This is the
same space group as that in the ammonium salt (NH,)H(tp) [15]. The C2/c space group
was concluded. This was confirmed by a successful structure solution and a least-squares
refinement.

In the first step of the structure refinement all hydrogen atoms were excluded and the
positional parameters of non-hydrogen atoms and their anisotropic temperature factors

were refined. In the second step the hydrogen atoms bonded to the phenyl group were
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Table 3.2: Experimental details of X-ray diffraction of KH(tp)

20 range of 25 reflections used 27.0-30.0°
for unit cell determination

a 18.776(6)A
b 3.761(3)A
¢ 11.150(4)A
B 94.72(3)°
1% 784.6(8)A?
7z 4

D1 1.729g/cm?®
w scan peak width at half height 0.39

Fooo 416

“Moy o 6.43cm™1!
Scan width (1.37 4+ 0.35tan 8)°

Number of reflection measured  Total:1359, Unique:1320
(Rine = 0.016)
corrections Lorentz-polarization absorption

(transmission factors: 0.86-1.00)
Decay(—0.20% decline)

generated at the peak positions of the differential Fourier map. The structure without the
acidic hydrogen atom was refined by the block diagonal least squares method including
the phenyl hydrogen atoms.

Finally the position of the acid hydrogen atom in the hydrogen bond was refined
as follows. The differential Fourier map obtained in this step gave two clearly separated
maxima for the acidic hydrogen atom which are related to each other by the center of
inversion at the center of the hydrogen bond (O(2)---0(2’)). The maximum intensity
of these peaks was 0.47 e/A3. Another remarkable peak (0.37 ¢/A3) of the Fourier map
was observed between the the carboxyl carbon C(1) and the carbon C(2) of the phenyl
group. Thus the half-hydrogen model for the hydrogen bond was used. The final cycle
of the full-matrix least-squares refinement was based on 957 observed reflections (selected
by criterion I > 3.000(J)) and 79 variable parameters and converged (largest parameter
shift was 0.23 times its esd) with R = 0.034 and R, = 0.053. The final positional
parameters and the temperature factors are listed in Tables 3.4 and 3.5; the numbering
scheme is given in Fig. 3.1 which represents the crystal structure viewed along the b-axis.
The complete list of the structure factors is given in Appendix.

In Fig.3.1 the unit cell is projected from the b-axis direction. There is the center
of symmetry at the center of benzene ring. Therefore asymmetric unit includes only a
half of the (tp) anion. Potassium atom is on the 2-fold axis. Anion chains run along the

a-axis.
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Table 3.4: Final converged fractional coordinates and equivalent isotropic temperature

Table 3.3: Final least squares parameters of KH(tp)

factors for KH(tp).

Atom

Atom

N,

(A/7)max

Max. peak in D-map 0.36 ¢/A3

0.034
0.053
79
2.40
0.23

CRYSTAL STRUCTURE DETERMINATION

Min. peak in D-map -0.37 e/A3

T

y

z

B,/ A?

K
0(1)
0(2)
C(1)
C(2)
C(3)
C(4)
H(1)
H(2)
H(3)

Ull

0
0.08697(6)
0.05996(6)
0.10415(8)
0.17939(7)
0.22829(8)
0.20142(8)

0.1555(2)
0.6794(4)
0.5411(5)
0.6396(5)
0.6982(4)
0.8414(5)
0.6069(5)

0.75

0.6573(1)
0.4654(1)
0.5536(1)
0.5244(1)
0.6114(1)
0.4121(1)

0.170(1)
0.214(1)
0.023(2)

U2‘2

0.497(7)
0.900(6)
0.50(1)

87!'23 3

0.353(2)
0.687(2)
0.492(4)

* ket =t
= ¥ S S Uygiaad,

=1 j=1

Uss

Ul2

3.21(2)
2.59(5)
3.34(6)
1.96(6)
1.60(5)
1.83(5)
1.88(5)
2.7

2.7
2.7(9)

U13

Table 3.5: Final anisotropic temperature factors(A?) for KH(tp).

U23

K
0(1)
0(2)
C(1)
C(2)
C(3)
C(4)

0.0432(3)
0.0187(5)
0.0134(5)
0.0137(6)
0.0110(6)
0.0155(6)
0.0141(6)

0.0405(3)
0.0529(8)
0.085(1)
0.0352(9)
0.0276(8)
0.0343(9)
0.0352(9)

0.0413(3)
0.0277(6)
0.0285(6)
0.0258(7)
0.0226(6)
0.0203(6)
0.0221(7)

0
-0.0049(6)
-0.0137(6)
-0.0022(6)
-0.0018(6)
-0.0023(6)
-0.0048(6)

0.0217(3)
0.0086(4)
0.0029(4)

0.0031(5)

0.0026(5)
0.0041(5)
0.0007(5)

0
-0.0045(6)
-0.0044(7)
0.0019(7)
0.0014(6)
-0.0019(6)
-0.0025(6)
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Figure 3.1: ORTEP [31]-plot of b-axis projection of KH(tp).
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Table 3.6: Bond distances (A) and bond angles (deg.) in terephthalic acid anion

C(1)-0(1) 1.235(2) O(1)-C(1)-O(2) 123.3(1)
C(1)-0(2) 1.288(2) O(1)-C(1)-C(2) 120.8(1)
C(1)-C(2) 1.492(2) O(2)-C(1)-C(2) 116.0(1)
C(2)-C(3) 1.389(2) C(1)-C(2)-C(3) 119.2(1)
C(2)-C(4) 1.394(2) C(1)-C(2)-0(4) 121.1(1)
C(3)-C(4)) 1.380(2) C(3)-C(2)-C(4) 119.7(1)
C(4)-H(1) 0.943(2) C(2)-C(3)-C(4’) 120.6(1)
C(3)-H(2) 0.932(2) C(2)-C(4)-C(3)) 119.7(1)
K-O(1) 2.687(2)

K-0(1") 2.810(2)

K-O(2) 2.809(2)

Table 3.7: Hydrogen bond geometry in KH(tp)

0(2)-0(2) 2.459(3)A
0(2)-H 0.79(4)A
0(2)---H(3)’ 1.68(4)A
H(3)---H(3) 0.91(8)A
0(2)-H(3)---0(2)’ 170(5)°
H(3)-0-C(1) 107(3)°

3.3.3 Bond lengths and bond angles

Bond distances and bond angles are listed in Table3.6. For a carboxyl group the
bond lengths (C=0 = 1.235A and C-O = 1.288A) and bond angles (CC=0 = 116.0" and
CC-0 = 120.8°) differ significantly from each other as can be seen in the mono-hydrogen
salts of other types of dicarboxylic acids. The carboxyl groups are tilted by 9° from the
plane of the benzene ring. This value is almost the same as that of NH,H(tp)

The potassium ion lies on the two fold symmetry axis and is surrounded by six
oxygen atoms of nearby six carboxyl groups. Three inequivalent distances between the

potassium ion and oxygen atoms are also listed in Table 3.6.

3.3.4 Hydrogen bond geometry

The geometry around hydrogen bond is summarized in Table3.7. Ro..0 in KH(tp)
is 2.459A& which is the typical value for the hydrogen bond of the Type A;. The double
minimum character of the hydrogen bond was observed. Cobbledick et al. carried out
their structure analysis of NH4(tp) by assuming that the hydrogen is located at the
center of the (single minimum) hydrogen bond, but did not rule out the possibility of the
double minimum hydrogen bond [15]. Cobbledick’s analysis has slightly poor accuracy
(R =0.0759). Ro..0o = 2.51A in NH,(tp) is longer than that in KH(tp). Longer Ro..o
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than that of other isomorphous acid salt is also seen in (adc) salt (subsection 3.4.4).

This is considered to be the effect of the hydrogen bonds between (NH4)* cation and the

oxygens in carboxyl groups.

3.4 Rubidium hydrogen acetylenedicarboxylate

3.4.1 Data collection

A colorless crystal with dimension of 0.8 x 0.2 x 0.2 mm® was used for measurement.
The unit cell and crystal orientation were determined by the least squares refinement
using 25 reflections in the range 27.03 < 26 < 30.00°. The monoclinic unit cell with
the lattice constants: a = 8.666(2)A, b = 12.278(4)4, ¢ = 6.209(2)A, B = 118.01(2)",
V= 583.2(4)A3 was obtained. The unit cell contains 4 formula units (C;HO4Rb), and
the calculated density is 2.261g/cm®.

w scans of several intense reflections, made prior to data collection, had an average
width at half-height of 0.35°with a take-off angle of 6.0°. The intensity data were collected
as described in section 3.2, The scan rate was 8.0°/min in w axis and the scan width Aw
was 1.10°+0.35° tan 8. 902 reflections among.the 953 observed reflections were independent
(Rine = 0.055).

During the data collection, the intensities of three representative reflections were
measured after every 100 reflections. The drift in intensity was 1.94% increase and all
intensities were corrected linearly toward this drift !. The linear absorption coeflicient
for Mo-K,, was 81.9cm™!. An empirical absorption correction based on azimuthal scans
of several reflections was applied. The transmission factors were between 0.86 and 1.00.
The data were also corrected for Lorentz and polarization effects. 768 independent reflec-
tions, chosen by the criterion (I < 3.00(I)) for ignoring data, were used in the structure

refinement.

3.4.2 Structure solution

Based on systematic absence of hkl : h + k # 2n, hOl : | # 2n, the space group
is either C¢(No.9) or C2/c¢(No.15). A statistical analysis of the intensity distribution
suggested acentric space group, i.e., the Cc space group. But the space group of KH(adc)
[16] and NHH(adc) [32] was known as C2/c? Therefore crystal structure was resolved for
both Cc and C2/c space groups. Three model structures were tried for the final solution.

In the first model the Cc space group was assumed. In the other two models the C2/c

L After the measurement, the crystal surface was slightly colored.
2In the original papers of Leban et al. 12/a was used {16,32]. It is identical with C2/c except axis
setting of the unit cell.
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Table 3.8: Experimental details of X-ray diffraction of RbH(adc)

20 range of 25 reflections used 27.0-30.0°
for unit cell determination

a 8.666(2)A

b 12.278(4)A

c 6.209(2)A

B 118.01(2)°

1% 583.2(4)A3

VA 4

D_.c 2.261g/cm?

w scan peak width at half height 0.35

Fooo 376

HMok 81.92cm™!

Scan width (1.10 + 0.35 tan 6)°

Number of reflection measured  Total:953, Unique:902
(Rine = 0.055)

Corrections Lorentz-polarization absorption

(transmission factors: 0.63-1.00)
Decay(1.94% decline)

Secondary extinction
(coefficient: 0.61678E-05)

space group was assumed. Firstly, each structure without hydrogen atom was resolved
for each space group and refined by the least squares calculation with the anisotropic
temperature factors. Secondly, each structure including acid hydrogen atom was refined.
In the Cc space group no restriction is imposed on the position of the hydrogen atom,
because the hydrogen bond is not symmetric. Then in the first model the hydrogen
position was set on the maximum peak (+0.59 eA®) position of differential Fourier map,
and parameters were refined by the least squares calculation. In the C2/c space group
the hydrogen bond must be symmetric; the center of hydrogen bond is on the 2-fold axis.
The position of the hydrogen atom is restricted to satisfy this symmetry. Two model
structures are possible; the hydrogen locates on the 2-fold axis or hydrogen is divided
equivalently into two symmetry-related positions. The former means a single-minimum
hydrogen bond and the latter means a symmetric double-minimum hydrogen bond. In
previous structure solutions of KH(adc) and NH,(adc) the centered hydrogen model was
assumed [16,32]. In this model the position of hydrogen atom was constrained on the
2-fold axis. However the maximum peak (+0.67 eA3)in the differential Fourier map for
the C2/c structure without the hydrogen atom appeared at a displaced point from the
center of hydrogen bond. Therefore the double minimum model was the most natural
selection. In the double minimum model the hydrogen positions are not restricted to the

center of hydrogen bond, but the population should be divided into two equal parts to
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Table 3.9: Final least squares parameters of RbH(adc)

Space group Cec C2/c C2/c
Hydrogen position  asymmetric centered double minimum

R 0.028 0.024 0.024
R, 0.034 0.033 0.032

N, 84 45 47

S 1.72 1.61 1.58
(A/0)max 0.90 0.01 0.19
Max. peak in D-map 0.44 0.47 0.46
Min. peak in D-map -1.04 . -0.54 -0.52

s~ {EulRiIR)
N,— N,

generate the hydrogen atom at symmetry-related positions.

Successful result was obtained for each of three models (see Table3.9). The final
cycle of the full-matrix least-squares refinement was based on 768 observed reflections
(I > 3.000(1)). Table3.9 indicates that the C2/c (No.15) is favorable, because it gives
better R or R, than Cc models which have almost twice number of variables (N,) and
equivalent isotropic temperature factor, Beq, of the hydrogen atom is unusually large in the
case of Cc as shown in Table3.10. It is difficult to determine the hydrogen atom positions
definitely, because RbH(adc) contains a heavy Rb atom in the vicinity of the hydrogen
bond (see Fig.3.4). Finally the double minimum model was chosen in the bases of the
difference Fourier map. The final converged atomic coordinates are listed in Table3.10
for three models. The anisotropic temperature factors of non-hydrogen atoms are listed
in Table3.11. The complete lists of the structure factors for half hydrogen structure in
C?2/c space group are given in Appendix.

In the C2/c space group, there is a 2-fold axis through the mid point of C=C triple
bond. Therefore the asymmetric unit contains only a half of the (adc) anion. Fig.3.2 is
the ORTEP plot projected in the ¢ direction. The anion chains viewed along the b-axis
are shown in Fig.3.3 in which atoms in a half unit cell are projected in the b direction for

simplicity.

3.4.3 Bond lengths and bond angles

In Table 3.12 intramolecular bond distances and bond angles in the a-RbH(adc) are
listed. These values resemble those in the f-form RbH(adc) and KH(adc) {17]. The clear
distinction of the bond lengths (C=0 = 1.220A and C-O = 1.285A) and bond angles
(CC=0 = 119.5° and CC-O = 114.3) in a carboxyl group is similar to those in KH(tp)
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Table 3.10: Final fractional coordinates and equivalent isotropic temperature factors for
three model structures(see text) of RbH(adc) and fractional coordinates of KH(adc) [16].

Cc. lower symmetry (asymmetric hydrogen bond) model

Atom

x

y

z B.q/ A2

Rb
0(1)
0(2)
0(3)
0(4)
C(1)
C(2)
C(3)
C(4)

H

1

0.739(2)
0.856(1)
0.263(1)
0.134(1)
0.735(1)
0.562(2)
0.271(1)
0.428(1)
-0.01(2)

0.16974(3)

0.1727(7)
0.0609(6)
0.1667(6)
0.0735(7)
0.119(1)
0.106(1)
0.1149(7)
0.110(1)
0.07(1)

0.
0.
-0.238(2)  2.7(3)
-0.061(2)  2.4(2)
0.
0.
-0.067(2) 1.8(3)
0.
-0.21(3)  9(4)

025  2.36(2)
735(2)  3.5(4)
562(1) 1.8(2)

568(2)  2.3(4)
336(3)  2.6(3)

152(2)  1.9(3)

C2/c. Hydrogen special position (single minimum) model

Atom

z

y

z Beo/A?

Rb
0(1)
0(2)
C(1)
C(2)
H

1

0.7387(3)
0.8608(2)
0.7321(3)
0.5675(3)

1

0.16969(3)

0.1703(2)
0.0668(2)
0.1168(2)
0.1089(2)

0.056(5)

0.
0.5620(3) 2.48(2)
0.
0.

025  2.48(2)
7368(4) 3.13(7)

5669(4) 2.07(7)
3414(5) 2.41(8)
0.75 6(1)

C2/c, half hydrogen (symmetric double minimum) model

Atom

T

Y

z B.o/A?

Rb
0(1)
0(2)
C(1)
C(2)

H

1

0.7387(3)
0.8607(2)
0.7321(3)
0.5675(3)
0.943(6)

0.16969(3)

0.1703(1)
0.0668(2)
0.1167(2)
0.1089(2)
0.058(4)

0.
0.
0.
0.
0.685(9)  1(1)

025  2.48(2)
7367(4) 3.13(7)
5617(3) 2.50(6)
5669(4) 2.08(7)
3412(5) 2.41(8)

C2/c converted coordinate (original 12/a unit cell [16]) of KH(adc)

Atom

T

y

z

Rb
0(1)
0(2)
C(1)
C(2)

H

1
0.73924
0.86196
0.73315
0.56773

0.17167
0.17080
0.06870
0.11796
0.10853
0.09139

0.25
0.75243
0.55781
0.57198
0.34282

0.75
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Table 3.11: Final temperature factors (A?) for three model structures of RbH(adc).

Cc and lower symmetry (asymmetric hydrogen bond) model

Atom Un Uz Uss Uia Uis Uz

Rb  0.0265(2) 0.0358(2) 0.0231(2) -0.0001(6) 0.0081(2) -0.0003(7)
O(1) 0.048(6) 0.046(5) 0.025(5) 0.014(4) 0.004(5) -0.013(3)
O(2) 0.008(3) 0.031(3) 0.019(3) -0.002(2) -0.003(2) -0.002(2)
O(3) 0.018(4) 0.045(5) 0.028(5) -0.007(3) 0.002(3)  0.003(3)
O(4) 0.017(3) 0.036(3) 0.031(3) 0.006(2) 0.008(3) 0.007(2)
C(1) 0.007(4) 0.039(6) 0.029(6) -0.003(4) -0.002(4) 0.007(5)
C(2) 0.014(4) 0.043(6) 0.025(4) 0.003(4) -0.006(3) 0.008(4)
C(3) 0.028(6) 0.017(4) 0.016(4) -0.002(4) 0.005(4)  0.004(3)
C(4) 0.015(4) 0.029(4) 0.027(5) 0.004(3) 0.008(3)  0.009(3)

C2/c and hydrogen special position (single minimum) model
Atom Ui U Uss Uiz Uis U
Rb  0.0279(2) 0.0371(2) 0.0247(2) 0 0.0086(1) 0
O(1) 0.031(1) 0.048(1) 0.028(1) 0.0085(8) 0.0042(8) -0.0081(8)
0(2) 0.0169(8) 0.042(1) 0.0259(8) 0.0019(7) 0.0023(6) -0.0049(7)
C(1) 0.018(1) 0.030(1) 0.022(1) -0.0018(8) 0.0012(8) 0.0001(8)
C(2) 0.020(1) 00351) 0.028(1) 0.0010(9) 0.005(1) -0.001(1)

C2/c and half hydrogen (symmetric double minimum) model

Atom Un U,z Uss U2 Uss Uss
Rb  0.0279(2) 0.0371(2) 0.0247(2) 0  0.0086(1) 0
0(1) 0.031(1) 0.049(1) 0.028(1) 0.0085(8) 0.0042(8) -0.0080(8)

0.018(1) 0.029(1) 0.022(1) -0.0019(8) 0.0013(8) 0.0000(8)

)

0(2) 0.0169(8) 0.043(1) 0.0254(8) 0.0021(7) 0.0018(6) -0.0046(7)
)
) 0.020(1) 0.035(1) 0.028(1) 0.0010(9) 0.005(1) -0.001(1)

Table 3.12: Bond distances(A) and bond angles (degree) of rubidium acetylenedicarboxy-
late. g

C(1)-0(1) 1.220(3) O(1)-C(1)-0(2) 126.1(2)
C(1)-0(2) 1.285(3) O(1)-C(1)-C(2) 119.5(2)
C(1)-C(2) 1.460(3) O(2)-C(1)-C(2) 114.3(2)
C(2)-C(2) 1.186(3) C(1)-C(2)-C(2)’ 176.2(1)
Rb-O(1) 2.882(2)
Rb-O(1) 2.917(3)
Rb-0(2) 2.999(2)



CHAPTER 3. CRYSTAL STRUCTURE DETERMINATION

Figure 3.2: ORTEP [31]-plot of c-axis projection of RbH(adc).
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@

Figure 3.3: ORTEP [31]-plot of b-axis projection of RbH(adc). Atoms (—0.25 < y < 0.25
in fractional coordinate) are projected

and those which can be seen in other acid salts of dicarboxylic acids. Other bond lengths
in the (adc) anion are fairly close to those in KH(adc) or f-RbH(adc). Dihedral angle
between two carboxyl groups of this a-form RbH(adc) is 70° is similar to that in KH(adc)
(66°) [16] and NH H(adc) (74°) [32] but differ considerably from that in f-form RbH(adc)
(61°) [17].

Coordination scheme around the Rb* cation is alike to KH(adc) and B-RbH(adc).
Six oxygen atoms which belong to six different carboxyl groups of six different (adc)
anions surround Rb* (Fig.3.4).

3.4.4 Hydrogen bond geometry

The geometry around hydrogen bond is summarized in Table3.13 Ro..0 = 2.449A
in the a-form RbH(adc) is almost the same as 2.446(3)A in KH(adc) (centered hydrogen
atom). These values are typical for the Type-A, acid salts. Speakman’s statement that
symmetric hydrogen bond is generally shorter than asymmetric hydrogen bond is con-
firmed to be valid for RbH(adc). It is noted that Ro..o in NH,(adc) is 2.472(3)A. This
value is longer than Ro..0 in a-RbH(adc) and KH(adc). But NH4(adc) belongs also to

the Type A, acid salt. As predicted previously in subsection 3.3.4, Ro..0 in ammonium



CHAPTER 3. CRYSTAL STRUCTURE DETERMINATION 30

Figure 3.4: Coordination scheme around Rb* of RbH(adc), 6 molecules coordinating to
one Rb* cation were viewed from (0, —1,0) direction

Table 3.13: Geometry around hydrogen bond of RbH(adc). Bond lengths (A) and angles
(degree) are listed

half hydrogen centered [-form [17]

0---O 2.449(4)  2.445(4) 2.461(8)7
O-H---0'  0.77(4)  1.230(7) 1.14(15)
0---H 1.69(4) — 1.32(14)
H---H 0.94(9) — —
O-H.--O’ 167(5) 167(6)  172(13)
C-0-H 117(4) 120(1) —
C-0---H 120(2) — —

12.464(8)A for the structure refined without hydrogen atom was noted in the abstract of
ref. [16]. :
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salt is longer than that of other isomorphous (adc) salt. This is considered to be the effect

of the structure forming by the hydrogen bonds between (NH4)t and oxygens of carboxyl

groups.



Chapter 4
NMR line shape

This chapter describes the line shape studies of 'H, 2H, and ¥ Rb NMR. These NMR
spectra gives various information about microscopic structure of the samples, particularly

the nature of the hydrogen bond.

4.1 2H NMR

4.1.1 Introduction

A nucleus with I > 1/2 spin has a finite electric quadrupole moment (eQ). An
electric quadrupole moment interacts with the electric field gradient (EFG) tensor and
gives the electric quadrupole coupling term to the nuclear Hamiltonian [33,34]. The EFG

tensor is defined by the second derivative of the static electric potential V:

Voo = (Pg=29,2). B CRY

dpdq’

The Laplace equation for V requires that the trace of EFG tensor is zero,
Ver + Vi + V2 =0, (4.2)

for any choice of the cartesian coordinates. Because the EFG tensor is a symmetric
tensor, it is diagonalized by the orthogonal transformation. In the transformed principal
axes frame (X,Y, Z), only Vxx, Vyy, and Vzz have finite values among the elements of

EFG tensor, and called the principal values
leg = Vzz| = [Wy| 2 [Vxx|- (4.3)

The EFG tensor reflects the charge distribution around the nucleus, therefore it is a very
sensitive probe to investigate the microscopic environment of an atom. For the description

of the principal values it is convenient to introduce the asymmetry parameter 7,

y= xx = Vov (4.4)
: Vzz

According to the relation (4.3) 7 takes the value in the range of 0 < 7 < 1. And the

principal values are given by

1 1
Vzz = eq, Vyy = —ieq(l +7), Vzz = —ieq(l -n). (4.5)

32
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@ 7 =0 (b) 7 =0.1

(c)m =05 (d 7

Figure 4.1: Some typical 2H-NMR line shapes of powder sample; (a) 7 = 0, axial sym-
metric; (b) n = 0.1, near axial symmetric; (c) 7 = 0.5; (d) n = 1.

Then the nuclear electric quadrupole Hamiltonian is given by

H, Qg _ 99 g1 [(141) + Sq(12 + I2)] (4.6)
T HEeI-)E g Mo Tk '

In the high external magnetic field Hy, the perturbation theory gives the first and the
second order shift through the quadrupole coupling.

2H is a nucleus with I = 1 spin. The powder line shape of 2H is determined by the
first order perturbation of the nuclear electric quadrupole coupling. Some typical powder
line shapes for various 7 are pictured in Fig.4.1. A powder spectrum gives |e*Qg/k| and 7
of measuring 2H. The characteristic line shape of 2H resonance spectrum of the O-H- - -O
hydrogen bond is originated from the nuclear quadrupole interaction between the nuclear
quadrupole moment of 2H nucleus and the electric field gradient which is produced at the

nuclear position by the surrounding charge distribution, mainly the charges of electrons

in the O-H bond.
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Table 4.1: Quadrupole coupling constant equ/h and 5 of 2H in KH(adc)-99%d.

T e? Qgh"
K kHz, n

132 488  0.098
179 52.7  0.088
242 57.3  0.082
290 61.4 0.078
324 64.0 0.076
353 66.2 0.072

4.1.2 Experimental

Acid salt of acetylenedicarboxylic acid is soluble in (heavy) water and easily deuter-
ated as described in section 2.1. 2H NMR spectra were measured for (partially) deuterated
acid salts of acetylenedicarboxylic acid. All 2H NMR measurements were performed using
a Bruker MSL-200 spectrometer at v, = 30.288MHz. Data above 120K were measured
using Bruker variable temperature probe cooled by N, gas. Other ?H spectra below 120K
were measured by a home-build cryostat and a Oxford superconducting magnet at almost
the same v, as in the Bruker magnet. 2H line shape is determined by the first order
perturbation due to the nuclear quadrupole coupling, therefore such a only difference
between the two magnet is negligible. FIDs were taken by the quadrupole-echo method
with the pulse separation of 20us to avoid the undesirable effect of the dead time of the
spectrometer. Typically 80 FIDs were accumulated to obtain higher (S/N) ratio. *H-T;
was 470s at room temperature (286K) for KD(adc). This was too long to wait recovering
to thermal equilibrium, a several dummy scan was taken for ignoring initial unbalance of
FID for the phase cycling technique. At lower temperatures below 80 K, a single FID
brings about only distorted spectra. But it was impossible to accumulate FIDs because

of the extremely long T1.

4.1.3 Results and Discussion

Measured line shapes are shown in Figs.4.2-4.4. Asymmetry parameter 7 at each
temperature was calculated from the position of the edges of absorption line for KH(adc),
which had relatively good (S/N) ratio. The result is plotted in Fig.4.5 as a function
of temperature. 7 is nearly equal to 0.1 at all temperatures. For KH(adc)-50%d and
RbH(adc) the (S/N) ratio of the spectral lines was too poor to calculate the 5 values
from the edge positions. But the observed line shapes were similar to that in KD(adc),
and can be considered to give similar value of 5. In Fig. 4.6 temperature dependencies of
the frequency difference Av between two peaks of acid salts of acetylenedicarboxylic acid

are shown. Clear increase of Av is observed with increasing temperature for each sample.
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Figure 4.2: *H line shapes of KH(adc)-99%d,
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Figure 4.3: ?H line shapes of KH(adc)-50%d.
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340K

288K

237K

184K

Figure 4.4: 2H line shapes of RbH(adc)-99%d.
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Figure 4.5: Temperature dependencies of e2Qq/h:open circle and :x of KH(adc)-99%d.
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Figure 4.6: Peak to peak splittings of *H line shapes of KH(adc)-99%d:open circle,
KH(adc)-50%d:closed circle, and RbH(adc)-99%d:open square.

Av of KH(adc) is not changed by partial deuteration of acid hydrogens. Av is related to
€?Qq/h and n by (3/4)|e?Qq/h|(1 — n). Since 7 is nearly temperature independent, the
temperature dependence of Av reflects the variation of €2Qg/h with temperature.

The correlation between e?Qq/h and Ro...0 or Ro..y bond length was reported by
several researchers [35-40]. In most O-H---O hydrogen bonds (Ro..0 > 2.6A) stronger
hydrogen bond results in shorter Ro..0 longer Ro_y, and lower e2Qg/h (and vice versa).

Empirical relationship such as

e’Qq 560.4
=311.0—
RO Ro..x®

by Soda and Chiba is derived [38,39]. An empirical relation (4.7) was converted to the
equation between €2Qq/h and Ro..0,

(kHz) (4.7)

€2Qq 223.8 .
= 311.0 - H ‘ .
= 0 o T aggp KH), (48)

which was obtained for Ro..0 > 2.48A. But there happens a more complex situation in
the short hydrogen bond region. In this region the above correlation of Ro..0 and €2Qq/h

does not apply to single-minimum hydrogen bonds. Poplett et al. summarized various
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experimental data of e2Qg/h and 75 in the short hydrogen bonds [40]. They recognized
two features in the short hydrogen bond region. Firstly (Ro..0 — 1.433;1)‘3 correlation
breaks and e?Qq/h becomes insensitive to Ro..0 and assumes a mean value of ca. 56kHz.
Secondly high 7 ~ 0.5 groups appear in Ro..0 < 2.44A region. In usual hydrogen bonds
the values of n of acid hydrogen are small (p ~ 0.1). However there have been found
very short hydrogen bond with (Ro..o < 2.4A) in which the value of 7 is as large as
0.5. According to Poplett’s investigation, present data in Figs. 4.5 through 4.6 lies in the
region where e2Qq/h looks like insensiﬁve to the sample and Ro..o. But present data
showed that e2Qq/h does not seem to be insensitive to Ro..o in these short hydrogen
bonds.

It is noted that Ro..o decreases with decreasing in temperature in K3H(SOy); [12].
Figs. 4.5 and 4.6 show that |e2Qq/h|’s decreases with decrease in temperature in KD(adc)
and RbD(adc). Since e2Qq/h varies with Ro..0 as €2Qq/h « (Ro..0 — 1.433)72 for rel-
atively long hydrogen bond as mentioned above, Figs.4.5 and 4.6 suggest that Ro..0
in KD(adc) and KH(adc) decreases with decrease in temperature (thermal contraction),
supporting the result of the present X-ray diffraction experiment for RbH(adc). X-ray
diffraction of KH(adc) states that the hydrogen bond in this compound is a single mini-
mum one [16], but 2ZH NMR study for KD(adc) suggests that the hydrogen bond in each of
KH(adc) and RbH(adc) has a double minimum character. Let us estimate the magnitude
of the thermal contraction of the hydrogen bond length, Ro..0 in KD(adc) crystal by
assuming Eq. (4.8). The differential form of Eq.(4.8) can be given as

Ae’Qq  671.4ARo..0
h (Ro..o—1.433)%

(4.9)

Here the change of the hydrogen bond length ARo..o may be estimated by putting
A(e?’Qq/h) = —17.4kHz for the temperature difference AT between 132 and 353K as
shown in Table4.1 and Ro..o = 2.446A determined at room temperature [16]. Then
we obtain ARo..o/AT = 1.2 x 107#A/K for KD(adc). The estimation for the ther-
mal contraction coefficient of the hydrogen bond of KD(adc) is similar to 9.4 x 10°A/K
observed by X-ray diffraction for K3H(SO4), which has short hydrogen bond (Ro..0 =
2.493Aatroomtemperature) [12]. In the case of K3H(SO4); the contraction of the hydro-
gen bond length is parallel to the thermal contraction of the lattice parameters. Fig. 4.6
suggests that for KHpsDos(adc) and a-RbD(adc) the same mechanism operates to the

quadrupole coupling constants of deuterium as in the case of KD(adc).
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4.2 'H high-resolution spectra

4.2.1 Introduction

A nucleus with a nuclear spin I = 1/2 does not have the quadrupole moment. A
line shape is determined by the nuclear magnetic dipole-dipole interaction and/or the
anisotropic chemical shift. The former depends on the positions of nuclei, and the latter
depends on the electron environment. For abundant spin like 'H in solid samples, however,
the strong nuclear magnetic dipole-dipole interaction between nuclei broaden the spec-
trum and hinder to obtain information about the chemical shift. The coherent averaging
technique by multi-pulse NMR enables one to eliminate this strong homonuclear dipolar
coupling and observe the fine structure by chemical shift anisotropy [41-44]. However,
the resolution of the spectrum is often insufficient for the detailed study of the chemical
shift, due to the imperfectness of the pulse sequence and to inhomogeneity of the external
field. Especially when there are several protons which are chemically distinguishable, it
is hard to analyze the spectrum which consists of the overlapped powder spectra with the
fine structure by the chemical shift anisotropy. '

The CRAMPS (Combinated Rotation and Multi-Pulse Spectroscopy) is a convenient
technique to obtain the chemical shift of *H in solids [44]. This is the application of
the multipulse decoupling of the homonuclear dipolar interaction to the sample which
is rotating at a high speed about the axis which is tilted by the magic angle from H,.
Using the MAS (Magic Angle Spinning) technique, the dipolar broadening which remains
unremoved by the multi-pulse NMR, the chemical shift anisotropy, and the inhomogeneous
broadening are averaged out. The information about the chemical shift anisotropy is lost
in MAS, butthe isotropic chemical shift & for each of chemically distinguishable protons
can be obtained with better resolution.

Chemical shift reflects the behavior of the electrons around the measuring nucleus,
especially the character of the chemical bonding. In the hydrogen bond the nature of the
bonding such as O-H- - -0 varies with the strength of the hydrogen bond. Therefore the
chemical shift shielding & is considered to be one of the good indicators of the hydrogen
bond strength, and many studies have been carried out so far [45-48]. In this section
the chemical shift of 'H is investigated by the CRAMPS experiment and the result is
discussed with respect to the strength of the hydrogen bond.

4.2.2 Experimental

1H CRAMPS spectra were measured using a Bruker MSL-200 NMR system and a
Bruker MAS probe. The coil for 'H nuclei is equipped for the cross-polarization or the
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Figure 4.7: MREV-8 pulse sequence consists of the repetition of the eight 90° pulses. The
sampling of a point of the time domain signal is done at the timing between the 8 pulse
assemblies (from Haeberlen(1976) [43]).

broad-band decoupling for CPMAS. Sample is packed into the rotor for the CRAMPS
which has a spacer to keep the powdered sample into the sphere of 4mm diameter to
minimize the effect of the the inhomogeneity of Hy. Tuning of the spectrometer and data
calibration were carried out using the method presented by Jackson et al. [49]. 90°pulse
with the length of 2.05us and the cycle time 35.4us were used for MREV-8 [50] pulse
sequence(Fig.4.7) at 2.3kHz MAS speed.

By Fourier transformation an observed time domain signal is transformed to a fre-
quency domain‘signal with scaled frequency axis. The scaling factor of the frequency
domain is constant which depends on the used multi-pulse sequence and the 90° pulse
length and the cycle time of it. However, due to the experimental mismatch of the spec-
trometer, the actual scaling factor is different from the theoretical value. Therefore, the
scaling factor was obtained experimentally for each sample. After the assigning peaks in
the sample a small amount of adamantan powder was mixed to the sample and measured
its proton signal which was used as an internal reference (6 = 1.74ppm) for the chemical

shift.

4.2.3 Results and Discussion

Observed spectrum of KH(tp) was shown in Fig.4.8. Observed chemical shifts are
listed in Table 4.2 together with some reference data of compounds with shorter Ro...o( <

2.5)A.
Correlation between *H chemical shift and hydrogen bond length was investigated

experimentally and theoretically by several authors [45-48]. Such correlation could be

summarized briefly as follows.

1. The isotfopic chemical shift shielding & decreases as Ro..o decreases (otms =

—b1Ms)-
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Figure 4.8: 'H-CRAMPS spectrum of KH(tp). Peak (a) : acid proton (érms = 21.2ppm),
and phenyl proton (érms = 7.5ppm). Peak (r) is the reference signal of adamantan
drms = 1.74ppm. Here étms = —F1Mms.
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Table 4.2: 'H chemical shifts of acid proton in some short symmetric hydrogen bonds in

solid

Crystal Ro..o Ro.n érms ref
KH(tp) 2459 1.68 21.2 this work
KH(adc) 2.445 20.4 this work
RbH(adc) 2449 1.69 20.3 this work
KH(malonate) 2468 1.234 20.5 [45]
KH(oxidiacetate) 2.476 1.328 19.6 [45]
KH(dicrotonate) 2.488 1.348 182 [45]
KH(maleate) 2.437 21.0 [45]
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2. o, is mainly respomsible for the variation of &. ¢, is mainly determined by the

lone pair electrons of the oxygen atom of hydrogen accepter,

Data obtained in the present work satisfy the well known correlation between & and Ro...0.
Jeffrey et al. remarked that Ro..q also has a good correlation with & [46]. However the
data given in Table4.2 do not obey the Jefferey’s correlation. In their correlation diagram
sampling of data Ro..ys’ are the values for the hydrogen atoms which are assumed to

locate at the center of hydrogen bond in the short hydrogen bonds.

4.3 %Rb NMR

4.3.1 Introduction

87Rb is a nucleus with the nuclear spin I = 3/2 and has a nuclear electric quadrupole
moment e(). As was mentioned in section 4.1.1 the interaction between eQ) and the
electric field gradient eq which is produced at the nuclear position by the surrounding
ionic charges modifies the nuclear spin interaction. The amount of the energy variation
by the nuclear quadrupole interaction is specified by the nuclear quadrupole coupling
constant e?Qq/h and the asymmetry parameter 5 of the electric field gradient which is
defined in section 4.1.1. The magnitude of e?Qq/h of 8Rb in ordinary ionic crystals
falls in the MHz region. The energy scheme is determined by the main Zeeman energy
and the quadrupole perturbation energy; energy diagram for the I = 3/2 nucleus with a
quadrupole interaction is schematically depicted in Fig.4.9. The transitions other than
the central transition (I = —1/2 « 1/2) are broaden out when €¢?*Qq/h is large ( > 1MHz)
and only the central transition can be detected in powdered sample. The line shape of
the central transition is governed by the quadrupole interactions. Therefore, the line
shape can be theoretically calculated by the second order perturbation of the quadrupole
Hamiltonian. This is also orientation dependent. Some typical examples of powder spectra

for I = 3/2 case are given in Fig.4.10.

4.3.2 Experimental

The 3"Rb spectra was measured by a Bruker MSL-200 spectrometer. The cryostat
and the procedure of temperature control were already described in 4.1.2. Measurihg
Larmor frequency uis 65.485MHz on a Bruker magnet, while vy, is 65.75MHz on a Oxford
magnet. The length of the 90° pulse for observing the central transition was 1.9us. The
FID (free induction decay) signal given following the 90° pulse was observed in the time
domain, and accumulated. Then it was Fourier transformed to thé frequency domain

signal which corresponds to the frequency spectrum.
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Figure 4.9: Energy level diagram of I = 3/2 nucleus under strong H, with electric
quadrupole interaction (from Cohen and Reif(1957) [33]).

The temperature dependence of the spin-lattice relaxation time 7} was also mea- -
sured for the central transition of 3Rb in RbH(adc) and RbD(adc) by the use of the

inversion recovery method (180°—7—90°).

4.3.3 Result and discussion

The temperature dependence of the observed spectrum is presented in Fig.4.11. The
spectrum shows that the electric field gradient (EFG) tensor is nearly axial-symmetric
(see Fig.4.10). e2Qq/h was estimated to be 5.1MHz using Avpp ~ (25/192)(e2Qq/h)?/ w1,
assuming 7 ~ 0, where Ay, is the magnitude of the splitting between two peaks. Spec-
trum was unchanged over temperature range of the measurements. Spectrum of RbD(adc)
was almost the same as that in RbH(adc). Rb is on the 2-fold axis parallel to the crystal-
lographic b-axis, therefore one of the principal axis of EFG is also parallel to the b-axis.
The other two axis are in the ac-plane. But the actual directions can not be deduced from
a powder spectrum. ,

Temperature dependence of spin-lattice relaxation rate 77! of ¥Rb in RbH(adc)
and RbD(adc) is plotted against 1/T in Fig.4.12. It is noted that the 77" for RbH(adc)
and RbD(adc) coincided with each other within the experimental error. This fact suggests
strongly that the relaxation of 8"Rb is not due to the fluctuation of the dipole coupling
of 8Rb with 'H, but is caused by the fluctuation of the electric field gradient. The Rb*
are surrounded by six oxygens of C=0 and C-O-H. The fluctuation of EFG is probably
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Figure 4.10: NMR spectra of the central transition of a nucleus with half odd spin. (from
Gonzalez-Tovany and Beltran-Lépez(1990) [51])
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Figure 4.11: *'Rb line shape of RbH(adc). (a) 4096 scans at room temperature, (b) 512
scans at lig. N, temperature, and (c) 32 scans at lig. He temperature.
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Figure 4.12: 8 Rb spin-lattice relaxation of RbH(adc):open circle and RbD(adc):open
triangle, measured by inversion recovery method at v, = 65.485M H z.
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Figure 4.13: ®Rb spin-lattice relaxation of RbH(adc):open circle and RbD(adc):open
triangle, measured by inversion recovery method at v, = 65.485M Hz. The solid line is
the result of the least square fitting of data by 77! o« T*. The dashed line is the guide
line with the slope value a = 2.

caused by the thermal motion of coordinating oxygens. The relaxation rate can roughly be
represented by two straight lines which give rise to the activation energies of 5.1 kJ/mol in
the high T'(> 100K) region and 1.03 kJ/mol in the low T(< 100K) region. One possible
explanation for this temperature dependence of T;! is the molecular motions activated
thermally with activation energies listed above. But the appropriate motional modes with
effective fluctuation of EFG tensor and with activation energies listed above are required
for this explanation. Another possible explanation for temperature dependence of Ty ! is
the contribution of the lattice vibration which also fluctuates electric field gradient. In this
case the relation 77! o« T* applies. « is a constant which depends on the process which
works for the relaxation. When the T;! is proportional to 7' the plot of logarithm of the
Ty 'against the logarithm of temperature T gives a straight line. And the slope of the line
gives a. Such a plot is given in Fig.4.13. A good linear relation is seen in Fig.4.13. The
least squares fitting gives the value of the exponent o = 2.33 which resembles to o = 2
in the case of the Raman process at higher temperatures than the Debye temperature. A
line with @ = 2 is also drawn in Fig.4.13. It can be concluded Ty o T? applies to data

in the present work.



Chapter 5
1H spin-lattice relaxation and the dynamics

of protons in one-dimensional hydrogen

bonded chain

5.1 Effect of molecular motion on 73

Measurement of the spin-lattice relaxation time (73) is a powerful tool for studying
dynamic properties of solids. Random motion of nuclei gives rise to fluctuation of nuclear
spin Hamiltonian. Fluctuating nuclear spin Hamiltonian causes the induced transitions
between Zeeman-splitted nuclear spin energy levels. In 'H-NMR the fluctuation of nuclear
magnetic dipole-dipole interaction (hereafter it is called dipolar interaction for simplicity)
is the largest and the most important cause for the nuclear spin relaxation. Because
the dipolar interaction depends on the distance and orientation between nuclei, random
molecular motion is very effective on the 'H relaxation. The 7Ty ! are proportional to
the spectral density of the fluctuation of local dipolar field. In the weak-collision limit,
i.e. when the purturbational theory is valid, the spin-lattice relaxation rate (Ty*) by the

dipolar interaction between like spins is given by (see chapter VIII of Abragam’s [34])

1 3
= _2.747121(1 + 1){JNwy) + JPD(2wy)}. (5.1)
1
In Eq. (5.1) v and I are the gyromagnetic ratio and the nuclear spin number of the probing
spin. And J(™(w) is the spectrum density of the fluctuation which is related to the time
correlation function G(™(7) of the (£n)th quantum state of the dipolar interaction, of

the motion by .
I (w) = / GO (r)e= " dr. (5.2)

It is convenient to use a reduced correlation function ¢(™(7) normalized to 1 at 7 = 0 and
its Fourier transform j("(w) instead of G™(7) and J™(w). Using this reduced j(w)
into Eq. (5.1), '
7 = Conli® () +5(2)) | (5.3)
is obtained. Cpp expresses the magnitude of the dipolar interaction which is averaged
out by a motional mode. Roughly speaking, the most effective relaxation occurs, i.e., the
Ty ! takes the maximum value when a time scale of random motion (with the correlation

time: 7.) approaches to the inverse of Larmor frequency (v, = wy/27). In the case of

50
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some kind of molecule reorientating randomly, the correlation function of the motion is

generally represented by

T
o(r) =ex (-|Z]). (54)
and hence the spectral density is
. Tc
](w) = m (55)

This single-exponential correlation function is attributed to the Markov character of the
random molecular motion. Markov process is a process in which the probability of the
motional event does not depend on any history. In Egs.(5.4) and (5.5) 7. is called the
correlation time of the motion and its inverse correspond to the rate of the motion. These
equations apply to the random thermal motion of molecules. The relaxation process
obeying these equation is called Debye-type relaxation. Substitution of Eq.(5.5) to j(™(w)
of Eq. (5.3) leads to the famous BPP equation [52]:

! O{ . } (5.6)

T 14wp?r? 14 4w 27?2

where j(Mw : j®)(w) =1 : 4 for the dipolar interaction and for the powder specimen. It
should be remarked that the 77! depends on frequency as 77! o wy, =2 in the slow motion
limit, i.e., when wp, 7. > 1 holds.

Eq. (5.6) is derived by assuming a rapid 7.(7.< T2) of isotropic motion of molecules
or ionic spiecies. T3 is the nuclear spin-spin relaxation time and is related to the spectral
line width.

The temperature dependence of T;! is evaluated by the use of the Arrhenius acti-
vation process according to which the correlation time is represented by

Te = To€Xp (5—}) , (5.7)
where E, is the activation energy of the motion. Using Eq.(5.7) in Eq.(5.6) the plot of
logarithm of the relaxation rate, log Ty'!, against the reciprocal temperature, 1/T, gives
a A-shape curve; its slope on the both sides of the maximum of 77! gives the activation
energy and the value of 77! maximum is used to determine the coefficient Cpp. The
analysis of Cpp by model calculation leads to the determination of 7.and 7o and the
mode of the motion which contributes to the relaxation.

Most of classical motions such as molecular rotation or reorientation and transla-
tional diffusion contribute to the relaxation according to Egs.(5.6) and (5.7), but there
exist various specific motions which contribute to the proton relaxation in different ways
from that predicted by Eq. (5.6). In such cases the spectral density and T obey different
equations from Egs. (5.5) and (5.6), respectively [53,54]. An example of the effect of such

specific motion on Ty ! is described in the next section.
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5.2 Effect of kink soliton on 'H-T}

5.2.1 The concept of the kink soliton in a hydrogen bonded

chain

In a one-dimensional hydrogen bonded chain, the existence of a cooperative motion
called a kink soliton has been pointed out. In this section the effect of the motion of the
kink soliton on Tj is discussed.

In the case that the neighboring hydrogen bonds interact strongly with each other, it
is not appropriate to consider the positions of the acid hydrogen atoms in these hydrogen
bonds are independent variables of each other because their movements are always closely
linked together. The ice rule, which means that a water molecule must be electrically
neutral in the network of hydrogen bond, is the most typical expression of such a situation.
When a hydrogen atom jumps from its original site to another one in the double minimum
hydrogen bond the electrical neutrality is broken. Hence, in order to meet the ice rule,
the change of the hydrogen configurations in other hydrogen bonds has to take place.
To keep the electrical neutrality in the one-dimensional network, an accidental jump of
hydrogen atom in one hydrogen bond must induce the successive jump of hydrogens over
the whole chain is needed. The probability of such a correlated motion of hydrogen atom
is extremely small in the sense of linear interaction because it needs infinitely high energy.

When a hydrogen atom is displaced from its stable position in a hydrogen bond the
resultant hydrogen bond having the hydrogen atom at the wrong site should be called
“defect”. The defect formation brings about the increase in the total energy of the chain.
However, in the case that the coupling between hydrogen bonds is strong, the hydrogen
atom in the neighboring hydrogen bond will respond to the change of situation and tend
to move in phase with the motion of the defect. Thus the local motion transmit along
the chain and if the system meet a condition which stabilizes this non-linear wave called
“soliton”, the total energy of the chain will be lowered.

The mechanism of the soliton formation can be described by a simple “$*” theory
[1,55-58]. According to this theory the total Hamiltonian of the whole hydrogen bonded
chain is given by

fr = S {38+ V(@) + 506 - 67} (53

V() = —%A¢2 + qus‘*. (5.9)

m and ¢; represents the mass and the position of hydrogen atom in the i-th hydrogen
bond, respectively. The first term of Eq. (5.8) is the kinetic energy of the hydrogen atom,

the second term is the potential energy at the hydrogen position, and the third term
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represents the interaction between two neighboring hydrogen bonds. The name “¢*”
model comes from the ¢* term in Eq. (5.9).
When the coupling constant C' is strong (¢; — ¢i+1) may remain small. In such a

case Eq. (5.8) can be replaced by the continuous approximation,
dz [p(z)* 1 2, 1 4 2 (49
Hr / { — S A + 7B(x) + C (T2, (5.10)

where | is the lattice spacing and x represents the coordinate along the one-dimensional

chain. From this Ht the Euler-Lagrange equation,

5 pde OV
moe ~ e t 5

=0 (5.11)

can be derived. This equation have a well-known (anti)kink solution,

z—vt

,t) = tanh : 5.12
oot =tanh | (512

where v is the kink velocity, ¢ = /(C/A)! is the kink width, and ¢ = CI?/m is a relevant

velocity. This solution is known to behave like a particle translating freely in the chain.

And the formation energy (rest energy) of the static soliton is given by,

2v2 A3C3

E=="5

(5.13)

For a hydrogen bonded chain a improved model, two-component model, which takes into
account of the dynamics of oxygen lattice was also proposed [2,59]. Nature of the kink
soliton by the two-component model is investigated mainly by computational method.
However, there is no NMR study of the dynamics of the kink soliton in the hydrogen
bonded chain. In the next section the formulation of the spin-lattice relaxation rate due
to the dynamics of the “kink soliton” is presented. The kink soliton can be generated in
the limiting case of very strong interaction between neighboring hydrogen bonds in the
chain as described above (Fig.5.1 (c)). The ideal form of kink soliton will be partially
destroyed when the interaction becomes intermediate strength. In such a case the soliton-
like motion together with the local motion of the hydrogen atom in the local double
minimum potential will occur (Fig.5.1 (b)). This effect on the spin-lattice relaxation of

proton is also discussed in the next section.

5.2.2 Spin relaxation by kink-promoted hydrogen atom motion

A kink soliton looks like a domain wall in a hydrogen bonded chain (see Fig.5.1).
In both side of a kink, hydrogen atom positions are reversed. Therefore as a kink soliton

travels through a particular hydrogen bond the hydrogen jumps from its original position
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Figure 5.1: A comparison between the kink soliton (c) where C >> A in Eqgs. 5.9 and 5.9,
and local motion of the proton in local double minimum potential (a) where C < A. (b)
is an intermediate situation where C ~ A and local double minimum potential is strongly
modulated by the interaction term in Eq. (5.8).
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to another site in the double well.Such a kink-promoted hydrogen atom motion could be
an effective mechanism of the proton spin-lattice relaxation, provided that the dipolar
interactions of this proton with other spin species is strong enough. In this model a
hydrogen atom motion is described by the use of the dynamics of the kink soliton.

Similar relaxation mechanism was also proposed in various situations. One of the
most famous example is the electron and proton spin relaxations in trans-polyacetylene
[60-63]. In this case the unpaired electron generated in defect in the polymer chain is
regarded as a “kink” soliton (neutral soliton). Diffusion of electron spins accompanying
the moving soliton causes an efficient spin relaxation in ESR and 'H-NMR. It is noted that
the relaxation is caused by the travelling electron spin in polymer chain. On the other hand
the travelling soliton in one-dimensional hydrogen bonded chain consists of successive
localized jumps of hydrogen atoms in their hydrogen bonds. And so the soliton dynamics
brings about very local fluctuation in the dipolar interaction between protons which are
localized in individual hydrogen bonds. Relaxation of a muon in trans-polyacetylene
resembles the above situation. Sequential fluctuation of hyperfine interaction of the muon
which is fixed at somewhere in the chain, leading to the muon spin relaxation [64]. In
these studies it was pointed out that the relaxation rate has a characteristic frequency
dependence, 17! (DwL)‘l/ 2. This relation is regarded as the criterion for the evidence
of soliton which undergoes one-dimensional Brownian motion with the diffusion constant
D.

The soliton in one-dimensional hydrogen bonded chain resembles the defect motion
in long alkyl chains [65,66]. The defect means unusual gauch conformation which is
produced in an alkyl chain which mostly assumes all {rans conformations in solid state.
When the defect happens to travel through the chain, the dipolar interaction between
alkyl hydrogens fluctuates. It should be remarked that the spin-lattice relaxation in other
various systems has been interpreted by soliton or soliton-like defect diffusion mechanism
[67,68]. However, the soliton mechanism has not yet been applied to the proton spin-
lattice relaxation in one-dimensional hydrogen bonded chain system.

Skinner and Wolynes considered a system in which a number of kinks exist and their
positions fluctuate randomly (Brownian motion) in the one-dimensional chain [69]). They
described the Brownian motion of solitons phenomenologically and derived the following
correlation function with respect to the hydrogen atom jump in the hydrogen bond:

— ex _4no [yt -1+ exp(—nt)
g(t) = exp { , \[ } : (5.14)

pm*n

where 8 = (kT)~!, m* is the effective mass of soliton, ng the density of the soliton, and v
expresses the strength of the friction. This complex equation can be reduced to a simple

equation in two limiting cases, (i) no friction, i.e. ¥ — 0, and (ii) strong friction, i.e.
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~ — o00. In the case (i) Eq. (5.14) is reduced to a single exponential correlation function

t ’ *
g(7) = exp (_T_e> , with 7, = ﬂg:g;r. (5.15)
In the more interesting case (ii) of the strong friction limit Eq. (5.14) becomes
1
t\2 *
g(7) = exp {— <;':> 2} , with 7, = ﬁl_"é_?;é_’Y. (5.16)

The correlation function in Eq.(5.15) assumes the same form as Eq. (5.4) and therefore
gives rise to the relaxation rate Ty ! of the same form as that predicted by the BPP theory
(Eq. (5.6)). On the other hand Eq. (5.16) for the strong friction limit contains ¢!/2 instead
of t as in Eq. (5.15). Therefore the soliton-promoted motion with a strong friction provides
a different relaxation mechanism from usual BPP process. A rigorous calculation of 77"
by the soliton mechanism as given in section 5.5 will show that the proton Ty " varies as
w,~3/2. Such a novel result will be discussed later.

Skinner and Wolynes examined the equilibrium properties of the system when a
number of solitons exists in a chain. Their results will be referred to in section 5.5 when
the analysis of the spin-lattice relaxation data will be performed.

In the case that the interaction between the hydrogen bonds in one-dimensional
chain has an intermediate strength i.e., C ~ A in Egs. (5.8) and (5.9), the ideal structure
of the kink soliton becomes partially destroyed and the local double minimum potential
of the hydrogen bond remains near the center of the kink. (see Fig.5.1 (b)). Therefore
the motional mode of of protons in the hydrogen bonds becomes complicated. While the
local motion is impossible and the ideal kink soliton propagates in the case of C > A in
Egs. (5.8) and (5.9) (see Fig.5.1 (c)), soliton like motions together with the local motion
in the double minimum potential of individual hydrogen bond may occur. The correlation
function of Eq. (5.16) does not anymore describe the motion of individual protons in the
hydrogen bonds. However, it is hardly possible to obtain the analytical formula of the
correlation function for such intermediate situation (C ~ A). Thus a phenomenological
model which has almost the same concept as the above statement is used to represent
the complicated situation of the system. The interaction term C' modurates strongly
the local double minimum potential, resulting in the distribution of the barrier height
of the local double minimum potential energy function. For the present system it is
appropriate to introduce the Cole-Cole distribution function to describe the correlated
proton motion. The strength of the correlation is expressed by a parameter § (0 < § < 1),
where the smaller é indicates the stronger correlation. The spectral density for the Cole-

Cole distribution is given by [54, 70]

j(w) = -2-—sin bn (wre)’
Jw) =~ ( 2 ) {1 T (@re)® + 2cos (%) (ch)s} : (5.17)
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This equation will be applied together with the model by Skinner and Wolynes to the
analysis of the experimental Ty in the next section.

Apart from the Skinner-type kink formation, the formation of trapped kink was
suggested for the hydrogen bonded one-dimensional chain by an optical measurement by
Moritomo et al. [5]. This kink is a kind of defect and is not mobile in the chain. The spin-
lattice relaxation due to such a kink defect shows very different behavior from the mobile
kink discussed above. A hydrogen bond near the kink have double minimum potential
as can be seen in Fig.5.1(b), while the hydrogen bonds far from the kink have almost
single minimum potential. Therefore only the proton at the kink defect can move in the
double minimum hydrogen bond and is directly responsible for the spin-lattice relaxation
of proton. Other protons far from such frozen kink defect relax via the spin diffusion
process. The spin-lattice relaxation rate of all protons in the crystal can be expressed
by [71],

T = 8.5NCi DA, (5.18)

where D is the spin diffusion constant, N the concentration of the fast relaxation center
(the number of the frozen kink defects in this case), and C the relaxation rate of the
proton at_the kink positions. This process of spin-lattice relaxation will be effective for
the system in which the kink cannot travel freely in the hydrogen bonded chain by any
trapping mechanism. The localized proton in the mixture of proton and deuteron in the

one-dimmensional chain, for example, nay correspond to such case.

5.3 Experimental

In the present work the proton spin-lattice relaxation rates Ty lwere measured for
KH(adc), RbH(adc), and KH(tp). For NMR measurement on each material, powdered
sample was sealed into a glass ampoule of diameter of 5mm together with a small amount
of dry He gas (typically 10mmHg at room temperature) for heat exchange. Before sealing
each specimen was dried in vacuo overnight.

A home-built pulse NMR apparatus and home-made cryostat with double-dewar
vessel were used for the spin-lattice relaxation measurements at 18 and 37MHz, and a
Bruker MSL-200 NMR system was used at 200.13MHz. Temperature was monitored by
Chromel-P-Constantan thermocouple above 43K and by Au-Fe-Constantan thermocouple
below it. The temperature of the sample was controlled to at least within 0.2K over
whole temperature range of measurements. The spin-lattice relaxation measurement by
the Bruker machine was carried out with an attached cryostat the temperature of which
is controlled by passing cold N, gas or hot air into a probe head. The temperature

was monitored by Cu-Constantan thermocouple and controlled to within 1K. Recoveries
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Figure 5.2: The procedures of the field cycling experiment for investigating the spin-lattice
relaxation at the target field Hg, by measuring signals at the observing field Hg, (from
Takeda(1982) [73]).

of the 'H longitudinal magnetization were measured by the saturation recovery method
(90°-train-7-90° pulse sequence).

Field-cycling technique was also applied to investigate the detailed frequency depen-
dence of Ty for KH(tp) at 30K using the apparatus described in [72,73]. In the present
work about 20s was necessary for a field-eycling process. Therefore in the case that T}
is shorter than 20s the spin temperature recovers to the lattice temperature during the
field cycling. KH(tp) was appropriate for this experiment because of its relatively long

T;. Field cycling experiments was done at measuring frequencies of 18MHz and 37TMHz.

5.4 Results

Typical magnetization recovery data are plotted in Figs.5.3-5.5. Recoveries of 'H
longitudinal magnetization in each of samples did not obey the single exponential law
over wide temperature range. The degree of non-exponentiality was small and depended
on both the temperature (T') and the frequency (u,).

Analysis of experimental data has even ambiguity when the longitudinal magneti-
zation returns non-exponentially to the equilibrium value. T3 is usually applies as a time
constant to a single exponential recovery of the longitudinal magnetization. But in the
case of non-exponential recovery such a definition is meaningless. We can sometimes see
such non-exponential recoveries of the magnetization. The most representative case is
that two relaxation processes works simultaneously as is seen in the relaxation by dipé—
lar coupling between unlike spins. The origin of these non-exponential recovery will be
discussed in the next section.

As described above the longitudinal magnetization recovers non-exponentially to
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Figure 5.3: Recovery curves of 'H magnetization of KH(tp) powder; the left column at

18MHz, the right column at 37MHz.
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Figure 5.4: Recovery curves of 'H magnetization of KH(adc) powder; the left column at
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Figure 5.5: Recovery curves of 'H magnetization of RbH(adc) powder; the left column at
18MHz, the middle column at 37MHz, and the right column at 200MHz.
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the equilibrium magnetization in the present materials. Hence it was impossible to assign
a single value to the 7. Then the rate of spin-lattice relaxation T 'was represented
by an apparent T; which was deduced from the initial slope of the recovery curve. The
resulted Ty were plotted in Fig. 5.6 for KH(tp), in Fig.5.7 for KH(adc), and in Fig.5.8
for RbH(adc).

T ' depends obviously on the Larmor frequency (w, = 27wuy,) as can be seen in
Figs. 5.7-5.6. The results of the field cycling experiment indicate that the T ! of KH(tp)
varies as wi,~1/? (Fig.5.9) in the low temperature region. The T7'’s of KH(adc) and
RbH(adc) are nearly proportional to w,™* with o ~ 0.5 — 1.5.

5.5 Discussion

The relaxation becomes faster with increasing temperature. This fact indicates that
some thermally activated motional process governs the spin-lattice relaxation. The 77
of 'H of each compound depends only weakly on temperature in the lowest temperature
region. One possible explanation for this fact is that different relaxation mechanism from
simple fluctuation of the dipolar interaction between protons, for example, the contri-
bution of paramagnetic impurities, works in these region. The variation of Ro..o which
was suggested by the decrease of €2Qq/h with decrease in temperature (subsection 4.1.3).
Thus a relaxation mechanism originated in the change of the potential function may be
proposed in the case of short hydrogen bonds. This change will be more remarkable at
low temperature where Ro...0 is very short.

In the high temperature region the 7;' shows strong temperature dependence
(Figs.5.10-5.12).  The maximum value of 77! of KH(tp) in Fig.5.10 is interpreted
reasonably by the fluctuation of the dipole interaction (Cpp ~ 4.3 X 107s72) between the
phenyl protons and acid protons moving from one site to the other in the hydrogen bond
in nearby hydrogen bonds The distance between the two sites of proton in the hydrogen
bond was determined by single crystal X-ray diffraction experiment. No maximum of T;*
was observed for KH(adc) (Fig. 5.10) and RbH(adc) (Fig. 5.10). However, the values of
T7 'of KH(adc) and RbH(adc) at the heighest temperatures of measurement (near 290K)
are also interpreted by the fluctuation of the dipolar interaction (Cpp ~ 4.0 x 107s7?) be-
tween protons, with the strength estimated from the crystal structure of RbH(adc). Much
lower 77! of protons of KHy sDg 5(adc) than that of KH(adc) suggests that the relaxation
in KH(adc) is caused by the fluctuation of the dipolar interacton between protons. From
the view point of the similarity of 77" as well as the crystal structures between KH(adc)

and RbH(adc), it seems that the dipolar relaxation mechanism applies also to RbH(adc).
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Figure 5.6: Arrhenius plot of 77! of proton of KH(tp) at v, = 18MHz:open circle and
37MHz:open triangle.
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Figure 5.7: Arrhenius plot of Ty of proton of KH(adc) at v, = 18MHz:open circle,
37MHz:open triangle, and 200MHz:open square, and T; 'of KHp 5Dg s(adc):closed triangle.
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Figure 5.8: Arrhenius plot of 77! of proton of RbH(adc) at », = 18MHz:open circle,
37MHz:open triangle, and 200MHz:open square.
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Figure 5.9: v, dependence of Ty of KH(tp) by field cycling at 30K.

One tentative approach to interpret such relaxation behavior is to apply the well-
known BBP equation (Eq.(5.6)) to the observed T7' with 7. obeying the Arrhenius
activated process (Eq. (5.7)) as has been usually done in the presence of random molecular
motion. But this approach does not apply to the present case because the BPP theory
predicts that the T, is proportional to w2 in slow motional region, whereas the Ty ! in
the present work has weaker wy, dependence than the case that 77! o« w72, Next, we
introduce the effect of the interaction between neighboring hydrogen bonds as is described

in section 5.2. Here two distinguishable models are considered.

1. Kink soliton model. In this case the interaction between the neighboring hydrogen
bonds is very strong, i.e., C > A in Eqgs. (5.8) and (5.9), and Skinner’s correlation

function described in the subsection 5.2.2 is applied.

2. Pseudo-kink soliton model. When the interaction between the neighboring hydrogen
bonds becomes comparable with the barrier height of the local double minimum
potential, i.e., C ~ A in Eqgs.(5.8) and (5.9), the ideal shape of the kink soliton

will be partially destroyed. The correlation between the motion of hydrogen atoms,

however, remains to some extent.
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Figure 5.10: Arrhenius plot of T;! of KH(tp) in high temperature region at vy, =

18MHz:open circle and 37MHz:open triangle.
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Figure 5.12: Arrhenius plot of Ty of RbH(adc) in high temperature region at v, =
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5.5.1 Kink soliton model

In the analysis of the present 77! data in three materials the Skinner’s model
considering a number of solitons diffusing in the chain is applied. But the correlation
function of Eq.(5.15) in low friction limit is ruled out because it gives apparently the
same result as BPP theory. Now we apply Skinner’s correlation function in high friction
limit (Eq. (5.16)) to derive the rigorous formulation of 77'. As mentioned previously J(w)

is the Fourier transform of the time correlation function g(7) in Eq. (5.16), i.e.

J(w) = ﬁ\/;};g (\/271771) (5.19)

with
g9(z) = B— - C(z)] cos(gzz) + [% - S(z)] sin(—gz2). (5.20)

In Eq. (5.19) C(z) and S(z) are Fresnel integrals
- [ T Y R
C’(z)—/o cos (2t )dt and S(z) /0 sm(zt )dt. (5.21)

Replacing 1/v/27w7, to p, J(w) is approximated as

27p p—0 | 2w

] o~ —_ 22
i) w(2 + 4.142p + 3.492p2 + 6.670p°)  \ wir, (5:22)

(see Eqn 7.3.33 of ref. [74]). j(w) in the slow motion (low temperature) limit can be
obtained by putting p — 0. Substituting this formula into Eq. (5.3) without any restriction

to p and provided that
7, = 1o exp(F,/RT), (5.23)

the 77! can be calculated. Eq.(5.23) is appropriate for the linear slope of ;™! in Arrhenius
plot. The above model was tentatively applied to the experimental results. The results of
the fitting of the theoretical T} to the experimental Ty ! are shown in Figs. 5.13-5.15.
Using Skinner’s correlation function the wy,~%/? dependence of the Ty ! is expected in the
low temperature limit. Obviously the theoretical frequency dependence does not agree
with those of the actual T]! in the present work.

The non—exf)onentia,l recoveries may be also understood using kink-promoted motion
model. Protons around kink solitons relax faster by the kink-promoted motion than
other protons which are far from kink solitons and relax by the spin-diffusion. Such a
nonuniform relaxation scheme may cause non-exponential recoveries. The gross feature
of the spin-lattice relaxation and its temperature dependence due to the soliton motion
can be understood in two ways. Firstly the increase of a number of solitons in a chain
upon heating brings about the increase of the frequency of the intra-hydrogen bond jump

of hydrogens which causes the dipolar relaxation. Secondly the mobility of the soliton
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Figure 5.13: Fitting of T; ' of KH(tp) by soliton model at v, = 18MHz:open circle,
37MHz:open triangle -



CHAPTER 5. 'H SPIN-LATTICE RELAXATION AND DYNAMICS 72

T/K
200 100 50
T T T T~ 7~ T
- KH(adc)
i o 18MHz
A 37MHz

-1
10 / 0 200MHz

Tt [ s

10%

- KH(adc)—50%d
A 37MHz
1 | 2 i

1075 10 20
T-1/ 107K

E, = 5.8 kJmol'}, 7, = 2.0E-10 s,Cpp = 1.8E7 572

Figure 5.14: Fitting of 77! of KH(adc) by solitom model at v, = 18MHz:open circle,
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varies with increasing temperature. Comparing Eq.(5.23) with the second equation of
Eq. (5.16), the temperature dependence of the 77! seems to be derived quite naturally by
assuming that no increases according to Boltzmann factor. In this case E; is interpreted
as a twice of the formation energy of solitons (2F in Eq.(5.13)). However, the formation
energy of soliton depends on both the potential energy at the hydrogen bond and the
interaction energy between neighboring hydrogen bonds. Therefore the formation energy
of the soliton will strongly depend on the nature of the hydrogen bond and on the whole
structure of the material. The tentatively estimated values of the formation energy of
soliton for KH(tp), KH(adc) and RbH(adc) are 140K, 400K, and 115K respectively, which
looks very small. The small value of the soliton formation energy is expected if the barrier
height (A in Eq. (5.9)) of the double minimum potential of non interacting hydrogen bond
is small (see Eq.(5.13) of the formation energy). The hydrogen bond lengths in KH(tp)
(2.459A), KH(adc) (2.446A), and RbH(adc) (2.449A) are short and thus barrier height A

is expected to be small, yielding the small value of the soliton formation energy.

5.5.2 Pseudo kink soliton model

As can be seen in Figs. 5.13-5.15, there are some discrepancies between the model
fitting and the observed 77! for all compounds when the kink soliton model is adopted
as the relaxation mechanism. We will to attempt to examine the validity of another
model, the pseudo-kink model in which an intermediately strong interaction (C ~ A)
works between the neighboring hydrogen bonds in the chain. In this case it is hardly
possible to obtain the analytical formula of 7} because the soliton like motions and
the local motion of the proton in the double minimum hydrogen bond (see Fig.5.1(b)).
Thus a phenomenological model of Cole-Cole type which assumes the distribution of the
correlation times is used for the analysis of the observed T; ! for all compounds.

When one watches the behavior of 77! of KH(tp) in Fig. 5.10 two different motional
modes seem to contribute to Ty }in the different temperature regions, i.e., around 100K
and near and lower 50K. Investigation of wy, dependence of 77! of KH(tp) at 30K over
wide wy, range by field cycling experiment shows that 77! o< wy,~%®. This wy, dependence
applies up to 50K. The motional mode dominating at low temperature mode was therefore
assigned to the trapped kink defect in the hydrogen bonded chain. The spin-lattice
relaxation process due to this mode was discussed previously in the subsection 5.2.2 and
Eq.(5.18) is used for the analysis. In Eq.(5.18) the temperature dependence of C is
substituted by Eq. (5.6), and is written as

Te 47, 0.25
1+ w272 + 1+ wL2TC2} ’

T = KL{ (5.24)

where K is the fitting parameter. The high temperature mode shows ~ wy, !5 dependence
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Table 5.1: Fitting parameters used in th¢ fitting by pseudo kink model
sample ~ KH(tp) KH(adc) KHosDos(adc) RbH(adc)

Ro.o/A 2459 2.446 - 2.449
Cufs™® 25x107 4x107 — 4 x 107
Tod/s 3x1071 1x1077 — 2 x 10°10
E.n/K 570 2000 — 900
8 0.65 0.3 — 0.25
Ky [s—5/4 12 3.5 1.0 7
ToL/s 3 x1071 8x107° 7 x 10°10 2 x107°
E.L/K 520 100 190 100

and is assigned to the simultaneous excitation of the motion of pseudo kink soliton and
the local motion of protons in the double minimum hydrogen bonds. This can be treated
by Eq. (5.17) in the previous section. As shown in the following analysis of T of KH(tp),
KH(adc), RbH(adc), the two-modes model is rationalized for all compounds. Here it is
noted that only the low temperature mode due to the trapped kink defects was observed
in the proton-deuteron mixed system KHgsDos(adc) (see Fig.5.17). In this case the
(pseudo) kink soliton cannot propagates even in the high temperature region, because
a random distribution of proton and heavy deuteron prevent the (pseudo) kink soliton
to propagate through the chain. The model calculations were performed on the three
compounds and also on KHgsDgs(adc) . The results are shown in Figs 5.16-5.18. The
solid curves are total profiles of T;!, which can reproduce the observed 77! satisfactory,
particularly in the cases of KH(tp) and KH(adc).

The derived apparent activation energies and preexponential factors for the low tem-
perature mode and the high temperature mode are listed in Table5.1 together with the
hydrogen bonded lengths. The parameter § which measures the strength of the correlation
between motions of protons for the high temperature mode are also tabulated. The values
of 6 for both KH(adc) and RbH(adc) are significantly smaller than that of KH(tp), indi-
cating that the correlation between protons is stronger in the shorter hydrogen bonded
systems in KH(adc) and RbH(adc) than in slightly longer hydrogen bonded system in
KH(tp). In the longer hydrogen bonded system the local double minimum character is
stronger because of its larger barrier height (A), provided that the interaction potential
(C) assumes similar value in (adc) salts and (tp) salt. Thus the local mode of the proton
in the double minimum hydrogen bond contributes more efficiently to 77! in the high
temperature region in the case of KH(tp) compared with the case of (adc) salts. Further-
more in the case of KH(tp) it is interesting to note that the apparent activation energy
for the high temperature mode (570K) is close to 520K of the low temperature mode for
the local proton motion at the trapped kink defect. In the case of (adc) salts the two
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Figure 5.16: Fitting of 77" of KH(tp) by pseudo soliton model using Eq.(5.18) and
Eq. (5.17) at v, = 18MHz:open circle, 3TMHz:open triangle
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values are much different from each other, 2000K and 100K for KH(adc), and 900K and
150K for RbH(adc). Then the results probably suggest that the high temperature mode

in (adc) salts contains much more pseudo kink soliton propagation than in KH(tp).
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Appendix A

Lists of structure factors

Table A.1: List of structure factors for KH(tp)

10|F,| vs. 10| F,| for potassium hydrogen terephthalate, C2/c Half hydrogens model (1 of
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10| F,| vs. 10|F,| for potassium hydrogen terephthalate, C2/c Half hydrogens model (2 of
7)
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10| F;| vs. 10]F,| for potassium hydrogen terephthalate, C2/c Half hydrogens model (3 of
7 ’ '
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10|F,| vs. 10|F,| for potassium hydrogen terephthalate, C2/c Half hydrogens model (4 of

7)
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10| F;| vs. 10| F,| for potassium hydrogen terephthalate, C2/c Half hydrogens model (5 of
7)
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10| F;| vs. 10| F,| for potassium hydrogen terephthalate, C2/c Half hydrogens model (6 of
7)
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10|F.| vs. 10|F,| for potassium hydrogen terephthalate, C2/c Half hydrogens model (7 of
7) ‘
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Table A.2: List of structure factors for RbH(adc) C2/c, Half hydrogen model

10|F,| vs. 10|F,| for rubidium hydrogen acetylenedicarboxylate, C2/c Half hydrogens
model (1 of 6)
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10|F,.| vs. 10|F,| for rubidium hydrogen acetylenedicarboxylate, C2/c Half hydrogens
model (2 of 6)
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10|F,| vs. 10|F,| for rubidium hydrogen acetylenedicarboxylate, C2/c Half hydrogens
model (3 of 6)
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10|F,| vs. 10|F,| for rubidium hydrogen acetylenedicarboxylate, C2/c Half hydrogens

model (4 of 6)
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10|F,] vs. 10|F,| for rubidium hydrogen acetylenedicarboxylate, C2/c Half hydrogens
model (5 of 6)
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10|F.| vs. 10|F,| for rubidium hydrogen acetylenedicarboxylate, C2/c Half hydrogens
model (6 of 6) ’
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