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Abstract

In this study, orientational ordering of partially deuterated methyl groups in solid is investigated
for 4-methylpyridine, 2,6-dichlorotoluene, 2,6-dibromotoluene, toluene, methyl iodide and methanol.
A combination of calorimetric methods (adiabatic and relaxation calorimetry) and infrared
absorption spectroscopy is used to obtain the structural and thermodynamic information of the
ordering processes.

For each compound, heat capacity measurements are made for four isotopic species (R-CHj,
R-CH,D, R-CHD; and R-CD;) in the temperature range from 0.35 K to 300 K. The temperature
dependence of the heat capacity reveals how the ordering occurs. The entropies calculated from the
heat capacities elucidate the degree of ordering. The infrared absorption measurements are made in
the temperature range from 6 K to 100 K over the spectral range from 400 cm™ to 4000 cm™'. The
C-H or C-D stretching modes of the methyl groups are investigated to obtain the occupancy of
ground torsional levels at different orientations. The calorimetric and spectroscopic results thus

obtained are verified to be consistent.

The results of the heat capacity measurements for 4-methylpyridine (CsH4N-CHj) and its
methyl deuterated analogs (CsH;N-CH,D, CsH,N-CHD, and CsH4N-CD;) reveal that three
methyl-deuterated compounds undergo phase transitions below 30 K, which is not the case for
CsH4N-CHj3. The transition entropy of CsH4N-CDjs is about 3.0 J K™ mol™, which is explained by
the orientational ordering model of coupled methyl groups, i.e. AS=(1/2)RIn2=2.88] K™ mol™.
The transition entropies of CsH4N-CH,D and CsH;N-CHD; are 7.9 J K ! mol™ and 10.1 JK! mol'l,
respectively. They are significantly smaller than the values expected by the coupled rotor model, i.e.
AS = (1/2)R1n 18 = 12.02 J K™ mol™’, indicating two possibilities either freezing of the ordering
process or the existence of low lying energy levels.

The methyl-partially-deuterated 2,6-dichlorotoluenes (CsH3Cl,-CH;D and C¢H;Cl,-CHD;) show
the Schottky heat capacity with three energy levels below 40 K. The spacing from the ground state is
267 peV and 2950 peV for C¢H3Cl,-CH,D and 2400 peV and 2700 peV for C¢H;Cl,-CHD,. Each of
the three levels corresponds to the ground torsional state at three different orientations of the methyl
groups. The excess entropies amount to RIn3 =9.13 ] K™ mol™, which is due to the symmetry
breaking of the methyl groups by partial deuteration. The results of the infrared spectroscopy support
this interpretation. Combining the results obtained by calorimetry, infrared spectroscopy and some
simple quantum mechanical calculations, the orientation of the methyl groups at low temperature is
supposed to be all the protons pointing out of the molecular plane.

The methyl-partially-deuterated 2,6-dibromotoluenes (C¢H;Br,-CH,D and CsH3Br,-CHD,) also

show the Schottky heat capacities with three levels below 40 K, which are analogous to the results of

ii



2,6-dichlorotoluene. The spacing from the ground state is 1200 peV and 1700 peV for
CsH3Br,-CH,D and 240 peV and 1700 peV for C¢H;Br,-CHD;. It is also indicated that the energy
levels of C¢H3Br,-CH,D have some density distribution in energy. Combining the results obtained
by calorimetry and infrared spectroscopy, the orientation of the methyl groups at low temperature is
supposed to be one proton sitting almost on the molecular plane, which is in contrast to that of
2,6-dichlorotoluene.

The methyl-partially-deuterated toluenes (CsHs-CH,D and CsHs-CHD,) in the a-phase also
show the excess heat capacities, but the entropies are significantly less than R In 3. The orientational
ordering seems to be frozen at low temperature. This interpretation is supported by the results of the
infrared spectroscopy.

The partially deuterated methyl iodides (CH,DI and CHD,I) also show the excess heat capacity,
but only below 5 K. The excess heat capacities are fitted by a Schottky function with three levels.
The spacing from the ground state is 10.5 ueV (doubly degenerated) for CH,DI and 10 peV and 42
ueV for CHD,I.

The methyl-partially-deuterated methanols (CH,DOH and CHD,OH) in the a-phase show the
Schottky heat capacity with two levels below 30 K. The spacing from the ground state is 870 peV
for CH,DOH and 900 peV for CHD,OH. The upper level for CH,DOH and the lower one for
CHD,OH are doubly degenerated. This interpretation is supported by the results of the infrared

spectroscopy.

It is concluded that (1) the orientations of the deuterated methyl groups order in solids at low
temperature, (2) the ordering occurs either in cooperative or non-cooperative manner, and (3) the
ground torsional levels of -CH,D and -CHD, depend on the orientation of the methyl groups as well

as the structure of the molecular frame.
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Chapter 1

Introduction

1.1 Structural Thermodynamic Study on Materials
1.1.1 Statistical-mechanical Approach

It is the main goal of condensed matter physics and physical chemistry to understand the nature
of materials. It is often achieved by the agreement of microscopic picture with macroscopic
experimental results. Statistical mechanics provides the framework of relating the states of
microscopic units (atoms, molecules or their motions) to the states of macroscopic system. The
statistical mechanical calculation starts by selecting the proper units, which gives the possible states
of the system. This is usually done by quantum mechanics with the aid of structural information.
Once the possible states are identified, their energy levels are calculated taking into account the
interactions among elements. If many elements interact with each other at the same time, accurate
estimation of the total interaction becomes extremely difficult, which is often called
“many-body-problem”. Usually, in such cases, some approximation or computational simulations are
applied instead of the exact analytical calculations. Once the energy levels are determined, the sum
of the states, called partition function, is obtained by summing up all the states with proper
weighting for their energy levels. In this stage, symmetry of the system plays an important role.
Since symmetry operations give indistinguishable states which cannot be counted twice, a factor
called “symmetry number” has to be introduced to reduce the number of possible states. The
partition function gives the free energy of the system from which all the thermodynamic quantities
are derived through the thermodynamic relations. The physical quantity of interest can also be
derived from them. The disadvantage of the statistical mechanics as well as the computer
simulations is that the small errors in the interacting force leads to a huge difference in the
macroscopic physical properties. This is because the number of elements exceeds 10> and because
the many-body-problem cannot be solved easily. Therefore the adequacy of the statistical model has

to be checked by comparing the calculated values with the experimental results.



1.1.2 Structural Thermodynamic Study

In general, thermodynamics itself does not provide a molecular picture of nature. Therefore, in a
simple system, thermodynamic quantities are used mostly to check the adequacy of the statistical
models. However there are many complicated systems for which a molecular theory is not possible
yet. Thus thermodynamics is advantageous because it can still be applied to such systems with
confidence and exactness regardless of the complexity in molecular levels [1]. Most of
thermodynamics is concerned with processes of heat. Heat is an energy transfer to the “hidden”
atomic modes [2] which are not macroscopically observable. In the molecular interpretation, heat is
an energy transfer through random molecular motions. Direct measurement of the heat of physical
and chemical changes is called calorimetry, which is quite useful if the atomic modes of interest are
“hidden”. In other words, calorimetry has no selection rule. Structural thermodynamic study is a
structural study based on calorimetry, which is the fundamental of this work. As mentioned above,
structural information of the system is essential for connecting the microscopic picture with the
macroscopic observation. In this sense, structural study and thermodynamic study complement each
other. Structural thermodynamic study proposes to extract some structural insight of a condensed
system from calorimetric data. It is generally quite difficult because these data involve too much
information of the atomic motions which would be hidden by means of other experimental methods.
However, from another point of view, this all-inclusive feature of calorimetry can be a big advantage
since it definitely includes the information of the atomic motions of interest. When it is possible to
separate the molecular motions properly, nothing is better than calorimetry. At low temperatures

where the extent of thermal agitation is relatively small, such separation of modes is more probable.

1.2 Deuteration Effect on Phase Behavior
1.2.1 Isotope Effect

Isotopes are different types of atoms of the same chemical element, each having a different
number of neutrons but the same number of protons and electrons. Since electronic states are
practically independent of the number of neutrons, the chemical properties of isotopes are usually
quite similar. However in some cases, isotope substitution brings dramatic change in the physical
properties of materials reflecting a subtle balance of interaction. One of the well known examples is
the Kinetic isotope effect (KIE) characterized by the rate of chemical reaction depending on the

isotope identity of an atom in the reactant. KIE is usually explained by noting that the mass of an



atom affects the vibrational frequency of the chemical bond that it forms [3]. Isotope effect on
condensed phase behavior is also well known. Deuteration effect on the ferroelectric phase transition
of KH,PO, (KDP) is a famous example; the transition temperature of KDP is 123 K while that of the
deuterated one is 220 K. The mechanism of the large deuteration effect as well as the mechanism of
the transition itself, has been extensively discussed for more than 70 years, but it is still not fully
understood yet [4,5].

From the view point of statistical mechanics, partial isotope substitution is an interesting topic in
the way that isotopes are distinguishable to each other, even though their properties are greatly alike.
Some symmetric systems consisting of the same isotopes can become asymmetric by means of
partial substitution of the isotopes. For example, a fully protonated (normal) methyl group has
threefold symmetry while the partially deuterated one is not symmetric, which is the main object of

interest in this work.

1.2.2 Proton Tunneling and Deuteration Effect

One of the major models explaining the prominent effect of deuteration on KDP introduces the
tunneling state of protons in the short hydrogen bonds [6]. Although the tunneling in KDP still
remains an open problem because of the poor evidences, many kinds of deuteration effects on phase
behaviors for the other tunneling systems have been discovered by Matsuo et al. {7]. Proton
tunneling is one of the quantum mechanical features of nucleus. In general, there are three aspects of
quantum features of atoms, (1) the energy quantization, (2) the symmetry of the states against
changes of identical particles, and (3) the delocalization of the wave functions [8]. The first one is
popular in physical chemistry, since the quantized energy levels of atomic motions, known as normal
modes, are routinely detected as vibrational spectra. The second one is important when the nuclear
spin states are considered. The ortho and para hydrogen may be one of the best known examples.
The third one is closely related to the tunneling mode.

In spite of the quantized energy levels, the picture of classical motions of particles is usually
enough to describe the atomic motion. This is because the probability density in quantum mechanics
at large quantum number » is almost identical to that in classical one [9]. Thus when the temperature
is high enough to give the occupancy of the higher energy levels, the classical picture is sufficient to
describe the state. At low temperature, on the other hand, since only a limited number of levels with
small quantum number are occupied, the shape of the quantum wave function has to be considered
explicitly. If the potential barrier is high and its thickness is large at the ground level of the atomic
motion, the wave functions are localized in the center of the potential wells, which is common in
crystals. Then the classical picture of localized particle is again useful. Only when the potential

barrier is small enough to let the wave functions spatially delocalized, the quantum mechanical



picture is needed, which is called “tunneling state”.

The extent of delocalization depends also on the particle mass which gives the zero point energy
levels. The smaller the mass of particle, the higher the level of zero point energy, and the more the
extent of delocalization of the wave function. This is why most of the electronic states are described
in this picture, although the term of “electron cloud” is more popular than “electron tunneling”. For
the atomic system, since the mass of nucleus is heavy, more than a thousand times greater than that
of electron, only a few numbers of systems shows the tunneling states especially in solid. The proton
tunneling in solid is one of such situations. For the other atoms heavier than proton, the classical
picture is sufficient to describe the motion, which is true even for deuteron. This is the origin of the
dramatic deuteration effect on the proton tunneling system. Once atoms are localized, the concept of
“ordering” becomes effective, and sometimes order-disorder phase transitions are induced by the

deuterium substitution.
1.2.3 Order-disorder Transition

Order-disorder transition is a major category of solid-solid phase transitions. Suppose a basic unit
(an atom or molecule) has two or more possible positions to occupy, and these positions are
equivalently occupied by the unit, then the state is called “disordered”. If only one of the positions is
possible, it is called “ordered”. The transformation from the former to the latter state is called
“ordering”. The ordering is generally followed by lowering the temperature. If the ordering occurs in
a cooperative manner, it is called order-disorder transition. The concept of “positions of the units”
itself already premises the localization of the wave function, such that an order-disorder model holds
only in the classical picture.

If there are N possible positions at high temperature phase and only one of them is possible in the
low temperature phase, the transition entropy amounts to R In N where R is the gas constant. This
quantity is large comparing with the transition entropies of the other kinds such as a displacive

transition, which is characteristic for the order-disorder transition.
1.3 Examples of Deuteration-induced Phase Transitions
1.3.1 Hydrogen Bonded System
Matsuo et al. have revealed that many hydrogen bond systems show the deuteration-induced

order-disorder transitions [8]. S5-Bromo-9-hydroxyphenalenone C;3H¢OOHBr (BHP) is a

representative example [10]. BHP is a planar aromatic molecule with a short (249 pm)



intramolecular hydrogen bond. Protons in the two oxygen sites show quantum mechanical tunneling,
in which the position of the proton is delocalized over the two potential wells. Overlapping of the
two wave functions (tunneling state) splits the energy levels due to the orthogonality condition of
eigenstates (tunnel splitting). The observation of the split levels is one of the strong evidence of
tunneling state. The tunnel splitting for BHP in crystal was observed in the infrared absorption
spectra and low temperature heat capacities around 64 — 83 cm™ [11]. For the deuterated BHP
(BDP), on the other hand, such a tunneling feature did not detected, but two phase transitions were
observed by calorimetry and dielectric measurement at 33.9 K and 21.3 K [12]. Using X-ray
scattering, the transitions were characterized as normal to incommesurate phase (33.9 K), and to
commesurate phase (21.3 K) of deuteron positions [13]. The total transition entropy (6.8 J K™
mol™) is close to R In 2 = 5.76 J K™! mol ™, showing that the transition is an order-disorder type
where deuteron can occupy two sites of potential wells in the high temperature phase and only one
of them is possible in the low temperature phase.

Deuteration-induced transitions in the hydrogen bond system are also known for tri-alkali

hydrogen disulfates and similar diselenates as well as chromous acid [14].
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Fig. 1.1 Heat capacities of BHP and BDP (left) [10] and schematic presentation of a double
minimum potential for the proton in the intramolecular hydrogen bond of BHP (right) [8]. Wave
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1.3.2 Ammonium System

Many compounds with ammonium ions show the rotational tunneling in the solid phase. Those
ammonium system also shows dramatic deuteration effect on the phase behavior, which appears in
various ways. For example, (ND,),PtCls shows an orientational order-disorder transition of ND,",
which is absent for (NH,4),PtCls [15]. Meanwhile, (ND,),IrClg does not show a phase transition, and
the ND," ions remain the tunneling state even though the energy spacing between the tunnel levels

dramatically decreases [8].
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Fig. 1.2 Heat capacities of (NH4)2PtCI6, (ND4)2PtC16, (NH4)211’C16, and (ND4)2II’C16 [8]

1.3.3 Methyl Group System

A number of organic compounds with methyl groups have been investigated on their rotational
tunneling states [16]. Lithium acetate dihydrate LiCH;COO-2H,O (LiAc) is a prototypical system
for complex dynamics of methyl rotors showing a tunneling transition at 250 peV, the second largest
value ever known for methyl groups [17]. The symmetry of the fully protonated crystal is Cmmm at
temperatures between 1 K and 300 K. The methyl groups are arranged in face-to-face coaxial pairs.
The distance between carbon atoms in the coupled pair is 3.3 A, which is shorter than the normal van
der Waals distance of about 4 A. The difference Fourier map obtained from single crystal neutron
diffraction data reveals full delocalization of the protons in the rotational plane of the methyl groups,

even at the lowest temperatures. The fully deuterated LiAc, on the other hand, has a phase transition



at 17.5 K, changing from Cmmm (I' > T.) to Pman (T < T.) symmetry accompanied by the
orientational ordering of coupled -CDs groups. The density distribution of the deuterium atoms in
the -CD3 group, obtained by single crystal neutron diffraction measurements, show three maxima at
4 K, while which are six at 40 K, indicating that the methyl groups can occupy two configurations at
T < T, rotated by 60° with respect to each other [18,19]. The transition entropy for the
methyl-deuterated LiAc, obtained from heat capacity measurements, is about (1/2) R In 2 = 2.88 J
K™ mol™', which supports the results of neutron diffraction that the transition is of the order-disorder
type for the coupled methyl rotors [20]. Recent heat capacity measurements revealed that LiAc with
partially deuterated methyl groups, -CH,D or -CHD,, also undergoes a phase transition [21]. The
transition entropies are close to (1/2) R In 18 = (1/2) R In 2 + R In 3 for both compounds, indicating
that the transitions discovered are also of the order-disorder type. The additional contribution of R In

3 derives from the breaking of three-fold symmetry of the rotor by the partial deuteration.

i 14K 40K 300K

Fig. 1.3 Nuclear densities of the deuterium atoms of the fully deuterated methyl groups for LiAc
at 14 K (space group Pman), 40 and 300 K (space group Cmmm) [18].
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Fig. 1.4 Low temperature heat capacities of LiAc and its methyl deuterated analogs [21].

1.4 Aim of this Study

This work focuses on the behavior of (partially) deuterated methyl groups. The deuteration
induced transitions of hydrogen bonded systems are mainly due to the mass effect of deuteration. For
methyl group system where three protons are involved, it is possible to partially deuterate the rotor
by substituting one or two protons with deuterons. The partial deuteration was expected to have
additional effect on the phase behavior originating from the change in configurational symmetry.
Indeed the excess entropy of R In 3 for the partially deuterated LiAc, other than the contribution of
(1/2)R In 2, is the result of this contribution. Such a deuteration effect is not possible for the
hydrogen bond system in double wells, such as BHP, where only one atom is associated with the
ordering process. The partial deuteration is also possible for ammonium systems as well as hydrogen
bond network systems, but the investigations for these systems are rather difficult because the
protons (deuterons) in N-H (N-D) or in O-H (O-D) interchange with each other among the molecules.
In contrast, protons (deuterons) in C-H (C-D) never interchange with each other unless it undergoes
chemical reactions. Methyl group systems are thus ideal for these investigations.

The aim of this study is to reveal the detail of the ordering processes of partial deuterated
methyl groups in molecular solids by structural thermodynamic investigations. Calorimetry was
mainly used as experimental techniques. This is because (1) the ordering process is not directly
observable by spectroscopy, (2) the values of entropy associated with the ordering processes provide

the number of possible states at disordered state, and (3) the ordering occurs at low temperatures



where the separation of the modes is more probable. In addition, infrared (IR) absorption
measurements were also made to detect the ordering processes indirectly through the vibrational
modes of C-H (C-D) stretching.
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Chapter 2

Theories for Molecular Rotation and Torsion

2.1 Single Particle Rotation

The rotational motion of single molecule in its surroundings (crystal field or intramolecular field)
is described by the model of “single particle rotation” [1], in which the surroundings are
approximated as an angle-dependent potential consisting of a time-independent part, ¥, and a
fluctuating part, V4. Single particle rotations can be categorized to classical diffusive rotations at
high temperature and quantum-mechanical rotations at low temperature (Table 2.1).

At high temperatures in crystal, the transition between the rotational states and the phonon states
occurs frequently, and thus the fluctuation potential, V4, is strong. If the static potential, Vy, is weak,
a diffusion of the molecules with respect to their angular degrees of freedom takes place. Plastic
crystal phase is one of such states. In the limit of very strong static potential, V, the molecules are
confined to a discrete number of equilibrium orientations which are occupied at random. Transitions
across the barriers separating the equilibrium orientations occur by thermally activated jumps. In this
limit the classical diffusive motion is called jump diffusion or molecular reorientation.

At low temperatures, only few lattice phonon modes are populated and the system is close to its
rotational ground state, therefore the V} is weak. If V5 is large enough to localize the rotational wave
functions in the potential wells, the system is orientationally ordered, in the classical regime, where
only the excitation of the rotational vibration in the potential wells remains, which is called torsion
or libration. This is the most probable case in crystal at low temperature. In the limit of Vi — oo,
the torsional mode approximates to harmonic oscillations about the potential minima. Then the

energy states are expressed by the same form of normal harmonic vibrations,
1
E=(n+5)hv n=0,1,2,-, 2.0

where 7 is the quantum number, 4 is the Plank constant and v is the torsional frequency.
If Vi is smaller than the rotational constant, particles rotate in the framework of quantum

mechanics, that is, the localized wave functions in the wells overlap to each other inducing the
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splitting of energy levels. This situation is called “rotational tunneling state”. The observation of the
tunnel excitation is an important evidence of tunneling state, which can be done by high resolution
neutron scattering, nuclear magnetic resonance or heat capacity measurement.

The overlap of the wave functions increases with decreasing Vy, and the dynamics gets close to

the free rotation in the limit of V; = 0 where the eigenvalues are expressed as,
222
m, h
E=— (my=0,£1,%2, ) 2.2)
21

for the one-dimensional rotation, in which m; is the quantum number, % is the Plank constant divided

by 27 and 7 is the moment of inertia of the rotor. For the three-dimensional rotation, the eigenvalues

are expressed as,
h2
E=I(l+1)— (7=0,1,2,-). 2.3)
21
Each level with quantum number / is degenerated by (2/+1)-fold. The rotational states of simple

molecules in the gas phase are usually described by this model.

Table 2.1 Classification of single particle rotations in molecular crystals in terms of the
rotational potential by Press [1]. Different characteristic situations may be distinguished

depending on the magnitude of the static and fluctuating part of the potential.

fluctuating potential (V)

strong weak
. . torsion (libration)
static strong rotational jump ) .
rotational tunneling
potential
. L quantum-mechanical
) weak rotational diffusion

free rotation

2.2 Rotational States of Methyl Groups

A methyl group can be regarded as a one-dimensional rotor. The rotational wave function y can

be calculated by solving the Schrodinger equation,

n’) d?
H.y = |:— (EJW +V, (a)}// =Ey, 24

where V() is the static potential given as a function of the rotation angle « and 7 is the moment of
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inertia of a methyl group, I = 5.31x10™* kg m”. This equation is valid when the temperature is low
enough that the fluctuation potential V is negligible. If a methyl group is rigid to have a static
barrier potential with three-fold symmetry, which is the simplest and most general case, the potential

can be written as,
Vela) = %[1 —cos(3a)]. (2.5)

Then the Schrédinger equation reduces to the Mathieu equation, which can be solved analytically.
The lower energy eigenvalues of the equation are shown in Fig. 2.1 [2]. In the limit of weak
rotational potential, the eigenstates approach to Eq. (2.1), while in the limit of strong rotational
potential, the energy levels are described by Eq. (2.2). In the intermediate regime, the eigenvalues
are in between the two limits. Within the framework of pocket states, in which wave functions are
centered at the minima of a given rotational potential (potential pocket), the total wave function is
expressed by the overlap of wave functions and the tunnel splitting is characterized by the symmetry
of the states. In the case of three-fold symmetry of the states, the torsional states split into two levels
of 4 and E symmetry, reflecting the irreducible representation of the symmetry group Cs. The E state
is doubly degenerated, having symmetry E, and E;. The 4 state is not degenerated and the energy
level is the lowest. This is reversed in the first excited torsional state.

Since proton possesses a half-integer nuclear spin value (/ = 1/2), their spin functions also have to
be accounted. If the rotational potential barrier has a three-fold symmetry as above, nuclear
symmetry group is also Cs. The nuclear eigenfunctions can be classified as in Table 2.2, according to
the irreducible representations of C;. The A-type eigenfunctions are four-fold degenerate (I = 3/2),
while the E-type eigenfunctions are doubly degenerate (/ = 1/2). The total eigenfunction can be
expressed as the product of nuclear and rotational eigenfunctions. A single permutation produces a
mirror reflection of the frame of the proton triangle, and this operation is not compatible with pure
rotation. Two subsequent proton permutations, on the other hand, leave the frame of proton triangle
invariant, and it is compatible with a rotation. Therefore, only an even number of permutation should
be considered. According to the Pauli’s exclusion principle, even number of proton permutations
demand that the total eigenfunction must be symmetric, i.e. its representation must be A. Table 2.3
shows the product group table of C; x (s, and it is obvious from this table that the allowed
combinations are 4 X 4, E,x Ey and E}, X E,. As aresult, all levels are equally degenerated.

The tunnel excitation from A state to E state coincides with a flipping of a nuclear spin. Since
nuclear spins have extremely weak interactions with the vibrational or rotational motions of its
surrounding particles as well as the electronic states, the spin conversion takes long time, unless
there are any intermediates. In the neutron scattering measurement, neutron spin interacts with the
nuclei of proton, so the tunnel excitation is observable. In the calorimetric measurement, on the other

hand, since there are no such interactions, the spin conversion takes extremely long time.
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torsional free rotor

symmetry
quantum of levels quantum
number (V) number (n)
E n="7
v=4
3 A n==6
A —_—
v=3 A n=6
E n=>5
X =
N AN/ /
n=3
v=1 A n=3
- E n=2
= E n=1
v=0 A n=0
0° 120° 240° 360°

a

Fig. 2.1 Torsional energy levels for a threefold symmetric rotor in a potential, showing the
correlation between the hindered internal rotation quantum number (v) and the free rotation

quantum number () [2].

Table 2.2  Spin functions y(15, m;) of methyl groups [1]. 7 denotes the total nuclear spin of
the molecule, m; is its z component, oo = 1/2 and B = —1/2 are the z component of the proton
spins, I, labels the symmetry of the wave functions and € =—1/2 + iV3/2.

my XI5, my)
type A4 3/2 oo
172 (1/N3)(ooB+aBo-+Poc)
I=312 -12 (AN3)BBo+Bop+app)
-3/2 BBB
type E 172 (IN3)oaf+e aPa+e*-Boor)
-12 (N3)(BRa+e Bop+e* opp)
I=172 12 (AAN3)(ooB+e*-aBo+e-Bact)
-1/2 (AN3)(PBPo+ex-Bop+e-afB)
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Table 2.3 The product group table of C3 X Cs.

A E, E,
A A E, E,
E, E, E, A
E, E, A E,

2.3 Deuteration Effects on the Rotational States of Methyl Groups

There are three kinds of deuteration effects on the methyl groups with rotational tunneling. The
first one is the mass effect as observed in the hydrogen bond systems. The torsional ground levels
get lower with increasing moment of inertia. The depression of energy levels reduces the
overlapping of the wave functions making the atoms more localized in the potential wells.

The second one is the alternation of the nuclear spin states. Since deuteron has three spin states (/
= -1, 0, 1), the form of tunnel splitting becomes more complicated. In addition, since deuteron is
Boson, the quantum symmetry restriction works in a different way from that of proton. Meanwhile
calorimetric observation of the tunnel excitation becomes possible when the rotor is partially
deuterated because the spin symmetry differs from the rotational symmetry.

The third effect of the deuteration is the symmetry breaking of methyl groups by partial
deuteration, such as -CH,D or -CHD,. Classical statistical mechanics tells that the breaking of
symmetry brings additional rotational entropy by R In 3 (Section 2.5). Furthermore since deuteron
has twice a mass of proton, the center of rotation for the partially deuterated methyl groups is not at
the center of gravity of the rotor, which causes the angle dependence of effective moment of inertia.
Here two models are introduced which describes the rotational wave functions for the asymmetric

rotors.

2.4 Models for the Rotational States of Partially Deuterated Methyl Groups

2.4.1 Rigid-top-rigid-frame Model

The rigid-top-rigid-frame model [5-11] amenably solves the Schrodinger equation of the total
system with simplified molecular structure consisting of a rigid-top and a rigid-frame; both are
connected by a chemical bond around which the system may rotate (Fig. 2.2). After separating out

the contributions of the translational modes of the whole molecule as well as the internal vibrations,
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the molecule has four degrees of freedom, i.e. three modes of over-all rotation and one internal

rotation.

/ a
7 |/ rigid-top
/

/ x rigid-frame

Fig. 2.2 Schematic picture of a molecule used in the rigid-top-rigid-frame model.

In classical mechanics, the kinetic energy of such a system is given by,
1
T=(5jco+ 1 o, (2.6)

where I is the inertial tensor and o is the angular velocity vector. If the top is symmetric, I and @ are

defined as follows,

o, I, 0 0 A1,

0= en I= 0 Ly 0 Al . 2.8)
o, 0 0 I Al
a AT, A1, Al, I,

a is the angular velocity of the top relative to the frame, @; and I; are the angular velocity and the
moment of inertia of the ith principal axis respectively, and 4; is the directional cosine between
internal rotor and the ith principal axis. This formula is convenient since the principal axes are
independent of the angle of the internal rotation a. If however the top is asymmetric, the

construction of I has to be started from the beginning where the principal axes are no longer useful,
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All the elements of I depend on the angle of the internal rotation a. Using this matrix and the Eq.

(2.6), the kinetic energy can be expressed in terms of the components of angular momentum as

T=% p,(B—p)P,—p)+mp’, (inj=x,.2) (2.10)
ij

where P,, P, and P, are the components of total angular momentum and p,, p,, and p, are the
components of the internal angular momentum. p is the internal angular momentum which is
conjugate to the coordinate of the internal motion. y; is the component of inverse inertia tensor for
the over-all rotation and u is that of internal rotation. The kinetic energy operator for the quantum

mechanics has then the form,

1 1 1 1 1

1
T=g*> (P-p)ug*(P,-p,)g>+g ‘pug’pg 2, @.11)
i

where g is the inverse to the determinant of ;. It is notable that 1, g and p; are functions of the
angle of internal rotation a. The total Hamiltonian operator is finally obtained by adding the
potential energy of the top ¥{(a) to this kinetic energy component, which can be parted into three
terms.
H=Hy+H,+Hjy. (2.12)

Hy is a function independent of the internal coordinate ¢, and thus depends only on the over-all
rotational quantum numbers. Hr is a function only of «, and therefore independent of the over-all
rotation. Hyy represents the coupling between the internal and over-all motion. Hgz and Hrr are

dependent on P;, while Hy is independent of P;. The explicit form of Hr is as follows,

1 1 1 1 1

1 —_—
Hi=g*Y pu,g’r,g>+g ‘pug’pg > +V(a). (2.13)
i,j

In general, the deuterium substitution in the methyl top is independent of the charge distribution in
the molecule, so that the conventional threefold barrier potential can also be assumed for the

asymmetric rotor. Taking Eq. (2.4) as the potential (@), Eq. (2.13) can be simplified to the form,

Hy = f0p* + 1 (cosg - p* + p* - cosg)

+ 1 (sin? 2 2 .2 1 , (2.14)
pi2 (sin® g- p® + p* -sin ¢)+5V3(l—cos3¢)

where ,uT(O), ,uT(l) and ,uT(z) are the coefficients. It is crucial here that Hr is no longer invariant under a
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rotation of 120°, which follows from the fact that the internal rotor is not a symmetric top.

If the angular dependent terms of Hr, the second and the third terms of Eq. (2.14), are negligible,
the Hamiltonian converts into a simpler form,

H, =uPp*+ lV3(l —cos3¢) = p” d2—2+lV3(1 —cos3g), (2.15)
2 d¢ 2

which is the same to Eq. (2.4). As described above, this gives two types of eigenvalues, a
non-degenerated level (4 type) and a two-fold degenerated level (£ type). When the angular
dependent terms are included in the Hry, the degeneracy is completely removed. For the ground
torsional state n = 0, there are three substates which are often denoted by 0o, 0. and 0_.

The details of Hg and Hrg are not described here, but it should be noted that the coupling
between the rotation and torsion is not necessarily small, which depends on the axes to be taken. Hig

is usually calculated as a perturbation.
2.4.2 Application of Rigid-top-rigid-frame Model

The rigid-top-rigid-frame model has been used mainly for the determination of rotational states
of simple molecules in the gas phase. The investigation on acetaldehyde is one of the well known
examples, which explained the experimental results of microwave spectroscopy [5]. Acetaldehyde
has a planar CHO group giving plane symmetric field on the methyl groups. From the theoretical
calculation described above, three ground torsional states are obtained, two of which are almost
degenerated, 0. and 0_, and one is non-degenerated, 0p,. There are two possible isomeric
configurations, one case is that the deuteron opposes the oxygen on the frame, and the other one is
that the proton of the top opposes the oxygen (Fig. 2.3). The former is called “symmetrical”
configuration, while the latter “asymmetrical” one. The 0y state corresponds to the symmetrical
configuration and the 0. and O_ states are those of asymmetrical ones. The separation of energy
levels between Ey. (Eq-) and Ey is much greater than that between Ey. and E;_. The former values
|Eoe — Ego| for CH,DCHO and CHD,CHO are calculated to be about 50 GHz (~200 peV) and 35
GHz (~150 peV) respectively, and the latter values |[Ey. — Ey-| for the same compounds are 444 MHz
(~1.8 peV) and 249 MHz (~1.0 peV) respectively. Using these calculated values, the microwave
spectra for CH,DCHO and CHD,CHO are successfully assigned [10]. Similar assignments are also
made on ortho-fluorotoluene with partially deuterated methyl groups, in which |Ey. — Eg| is about 11
GHz (~44 peV) for CsH4F-CH,D and 6 GHz (~ 24 peV) for CsH4F-CHD,, respectively [11].
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Fig. 2.3 Symmetrical and asymmetrical conformations of CH,DCHO and CHD,CHO viewed
along C-C bond [10].

2.4.3 Pocket State Theory

As an approximate method for the analysis of ground torsional states for the simple rotors, the
pocket states theory [12,13] is useful when the potential barrier of the rotation is extremely high.

In this theory, rotational wave functions are expressed as linear combinations of the localized
functions ¢; (pocket states) which correspond to the different orientations of the rotor (Fig. 2.4). If

the rotational Hamiltonian matrix elements are defined as,

<¢i

H’¢j> =H,, (2.16)

then the diagonal elements of H;; describes the pocket state energy, while the H; (i # /) represents the
overlap of the pocket state functions which brings the tunnel splitting. In the case of methyl group,
there are three pocket states, ¢, ¢, and ¢; corresponding to the three orientations, so the Hamiltonian

can be described as,
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H, H, Hj,
H, = H12 H, H,
H, Hy, Hi,

If the three orientations are equivalent as in the case of -CHj,
H,=H), =Hy(=a)
H,=H, =H;(= h),

then the matrix is

This matrix can be diagonalized to give the eigenvalues as well as the eigenstates.

WA=%(¢I+¢2+¢3)5 E,=a+2h,
1

Y, “f(¢1_¢2+¢3)s E;, =a-h,
1

Ve, —$(¢1+¢2—¢3), E, =a-h,

which give the same results to those in Section 2.2.

If two of the three orientations are equivalent, e.g. -CH,D connected to a planar frame,

H, =a,
Hy =Hy =b,
H,=Hy=h,
H,=f,

then the matrix is

and the eigenvalues are as follows,

19
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( E, =b-f
a+b+ f+la=b— f) +8k

E, = : 2.24
2 > 2.24)

_a+b+f—Jla-b-f) +8K
2

When the rotational tunneling is negligibly small, the rotational energy levels approach to the pocket
state levels, i.e. E; and E; tend to b while E; tends to a. The former two states correspond to the state
of 0. and the latter one to the 0y in the previous section. Fig. 2.5 shows the energy levels depending

on the magnitude of tunneling # and £, in which the values of two elements are assumed to be the
same, i.e. h=f.

PPN

¢;)\D C; D/|\H¢3

Fig. 2.4 The threefold rotations of -CH,D.

Energy level

0 0.5 1
hi(a~-b)

Fig. 2.5 Energy levels of three ground torsional states depending on the magnitude of tunneling
(h). a and b denote the energy levels of pocket states when the quantum tunneling is neglected; b

is doubly degenerated and a is not degenerated.
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2.4.4 Application of the Pocket State Theory

The pocket state theory has been used for the analysis of partially deuterated methane in solid
[14,15] as well as in the monolayer system adsorbed on the surface of graphite [16-18]. Since
methane is a molecule with tetrahedral symmetry, the rotational motion is three-dimensional. The
solution of Schrédinger equation for such a system is very complicated in mathematical formula. In
this respect, the simple formula of the pocket state theory is advantageous for such systems.

For the lowest temperature phase of partially deuterated methanes called “phase III”, the
tunneling states were clearly observed by inelastic neutron scattering (INS) [15] and heat capacity
measurements [14]. These two experimental data were correlated to each other by applying the
pocket state theory taking into account the differences in energy for different molecular orientations
under anisotropic field [15].

For the monolayer system, INS and heat capacity data of CH3;D on graphite were explained by
the pocket state model assuming two states with different energies; one with the deuteron pointing
away from the surface (D-up) and the other with the deuteron pointing toward the surface (D-down)
[16].
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Fig. 2.6 (Left) Heat capacities of CH;D/graphite at two different coverages. The solid curve is
calculated from the energy scheme. The discrepancy between them comes from the 2D lattice

vibrations [16]. (Right) Energy scheme for CH;D/graphite [16].
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Although the pocket states model is quite useful for the analyses of the ground torsional states
especially in the solid phase, it does not tell anything about the origin of the energy difference
between the pocket states, that is, the difference in the torsional zero point energy for different
orientations. In order to explain this, some other model is needed.

In the study of solid methane, Lushington et al. [15] introduced a coefficient R as a measure of
molecular anisotropy to calculate the energy difference between the four orientations. Using the
quantity R as an adjustable parameter, they finally obtained a good agreement in the theoretical heat
capacity curve with the experimental results for CH;D in the phase IIl. In the methane monolayer
system, Maki [17] estimated the energy difference of two states for CH3;D, D-up and D-down, from
the phonon spectra of CH,4 physisorbed on Papyex, which was however 6 ~ 8 times smaller than that
obtained from the heat capacity data.

To the best of my knowledge, no theory adequately predicts those energy differences, which is

the main subject later in this thesis.

2.5 Rotational Entropies for the Partially Deuterated Methyl Groups

Since -CHj3 and -CD; are three-fold symmetric, rotation by 120° gives identical state. -CH,D and
-CHD,, on the other hand, are non-symmetric, so the state after 120° rotation is different. This leads
to the difference in rotational entropy by R In 3 between two systems, because -CH,D and -CHD,
have three time more number of possible states than -CHj or -CD;.

In the regime of classical statistics, the excess entropy is explained by using the rotational
symmetry number o. The rotational partition function, z,y, in the gas phase is given by

87’ IkT

where 4 is the Plank constant, / is the moment of inertia of the rotor and o is the rotational symmetry

, (2.25)

number. Then the rotational entropy is given by

S = —[a—AJ _OkTnz _4inz (2.26)
oT

oT

The first equation derives from the thermodynamic relation and the second one derives from the

relation between z and 4, the Helmholtz energy. Then the difference in rotational entropy due to the

different symmetry number, say o7 and o3 for example, can be written as

ASro’t,m = Srot,m (0.1) - Srot,m (0-2) = R ln(&J . (227)

o,

Since the symmetry number of -CH,D and -CHD, is o= 1, while that of -CH; and -CDs is o= 3, the
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entropy difference amounts to R In 3. The classical statistics describes the high temperature limit. In
the limit of low temperature, according to the third law of thermodynamics, the entropy difference
gets close to zero at 0 K, so that the excess entropy of R In 3 has to be removed from the system with
decreasing temperature down to 0 K. It is quite interesting to know when (in which temperature) and
how (in which process) the excess contribution is removed.

The symmetry number in the classical statistics corresponds to the symmetry restriction of the
wave functions in the quantum statistical mechanics. In the case of methyl groups, the symmetric
rotor, -CHj3 or -CDs with o= 3, takes only one third of the states of the asymmetric rotor like -CH,D
or -CHD,. This is still true at low temperature in the regime of quantum statistics where the
prohibition law works on the rotational excitation. In the energy scheme shown in Fig. 2.1, 4 <> 4
and E < E transitions are allowed while that of 4 < E is forbidden by the quantum symmetry
restriction, if only the rotational states are accounted. For -CH,D or -CHD,, the 4 < E transition
corresponds to the transition between 0y < 0., which is observable due to the breaking of symmetry.
If the nuclear spin states are taken into account, the 4 <> E transition for -CHj is possible, although it

takes extremely long time due to the nuclear spin conversion as described before.
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Chapter 3

Experimental Techniques and Data Analyses

3.1 Heat Capacity Measurement
3.1.1 Principle of Adiabatic Calorimetry

Since a pioneering work by Eucken and Nernst in the early 20th century [1], the adiabatic
calorimetry has been considered to be the most appropriate method to obtain accurate data of heat
capacity.

The heat capacity at constant pressure C, of a system is defined by

C,= (a—H) . 3.1)
or J,
This quantity can be measured experimentally as
(G_H) = AQ , (3.2)
or ), AT

where AQ is the energy supplied and AT is the temperature increment.

In adiabatic calorimetry, the system (sample and sample cell) is kept at an adiabatic condition and
the heat capacity is obtained directly from AQ and AT. Good adiabatic condition is achieved by
evacuating the space outside the system and keeping the temperature of the surrounding (radiation)
shields at the same temperature to that of the system. When AQ is supplied electrically, it is
calculated with

AQ=1-V-At, 3.3)
where I is the current and ¥ is the voltage across the heater and Ar is the heating time. AT is
determined by measuring the temperature of the system before (7;) and after (T¢) the heating. Fig. 3.1
schematically shows the temperature variation of the system as well as the procedure to determine
the T; and T;. Before the heating, the sample temperature slightly varies with time, which is due to
the imperfect adiabatic condition. The temperature variation can be approximated by a linear

function. The slope of the function is called “drift rate”, which is characteristic to the calorimeter and
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the temperature range to measure. Immediately after the heating, the sample temperature varies
considerably with time, which is due to the thermal equilibration inside the system. After a period of
time, the drift rate comes back to normal. 7; and 7 are obtained by extrapolating the temperature
drift to the mid-point of the heating period. If some other factor influences the temperature drift,
such as exothermic stabilization of the sample, the extrapolation in Fig. 3.1 does not provide the
equilibrium heat capacity. In this respect, temperature dependence of the drift rate is very important
to detect the non-equilibrium phenomena.

Sample heat capacity is obtained by subtracting the contribution of the sample cell from the total
heat capacity of the system. The heat capacity of the cell is measured separately. The dead space of
the sample cell is usually filled with one-atmospheric pressure of helium gas to promote
equilibration. The contribution of helium to the total heat capacity is estimated by assuming that Cy,
=(3/2) R.

The advantage of adiabatic calorimetry is that it provides quite accurate heat capacity data. It is
also beneficial that various types of samples (liquid, powdered sample, single crystals, etc.) can be
measured by adiabatic calorimetry. Moreover, this method is useful to measure the long enthalpy
relaxation associated with the glass transition. The disadvantage of this technique is that it requires

large amount of samples (~ 1 g).

before heating heating after heating

‘o >

< >@ >
d e >

Temperature
g

drift rate

Ti ---------------------- R o
2
time

Fig. 3.1 The procedure to determine the temperatures before (7}) and after (7%) heating in adiabatic

calorimetry
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3.1.2 Adiabatic Calorimeter

The adiabatic calorimeter used in this study was designed in the laboratory [2]. The cell is
directly suspended by a string from the top of the cryostat, which also works as a mechanical thermal
switch. The sample cell is surrounded by two concentric adiabatic shields. The inner shield is
suspended from the outer shield and the outer shield is suspended from the cryo-tank. On cooling the
sample, these two adiabatic shields are pulled up by the string together with the cell until they attach
to the liquid helium cryo-tank. The thermal switch makes it convenient to measure the heat capacity
around 5 K.

During the measurements, the sample cell and the adiabatic shields are set back to the original
suspended position. The temperature of the inner adiabatic shields is controlled to be the same to that
of the sample cell. The temperature of the top part of the inner shield is regulated against the surface
temperature of the cell. The bottom part of the inner shield is controlled against the top of the inner
shield. Similar temperature controllers regulate the temperature of the thermal anchor as well as the
top part of the outer shield against the top of inner shield. The outer shield is kept at temperatures
slightly below that of the inner shield.

The cell is made of copper and is gold-plated. The internal volume of the cell is 2.77 cm’. The
temperature of the sample is measured with a rhodium-iron alloy resistance thermometer attached to
the top of the sample cell. The working temperature range of this calorimeter is between 5 K and

400 K. If needed, it can be cooled down to 3 K by evacuating the liquid helium in the cryo-tank.
3.1.3 Principle of Thermal Relaxation Calorimetry

The thermal relaxation calorimetry was invented by Bachmann ef al. in 1972 [3]. Later on,
modifications and related techniques were also developed [4-6].

Fig. 3.2 presents the heat-flow path of the typical relaxation calorimeter. The sample is placed on
the platform that is thermally weakly connected through the wires to the heat sink at a temperature 7'
= Ty. Here, K, and K, represent the thermal conductance between the sample and the platform and
that between the platform and the heat sink, respectively. The heat capacity is derived from the time
evolution of the sample temperature 7(¢), after a heat pulse P(7) is applied. In the simplest analytical
model, which premises extremely good thermal contact between the sample and the platform, the

platform temperature T(¢) is always identical with T(f). The heat balance equation is thus written as

dT
C P :—KW[Y;(t)—Tb]+ P(@t), (3.4)

total d t

where Cyya is the total heat capacity of the sample and the platform together. If P(f) is constant at Py
during heating (the dotted line in Fig. 3.3), T;(?) is given by a simple exponential function (the solid
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curve in Fig. 3.3) with a characteristic time constant, z, which is equal to Ci,/K,. The same is true
for the cooling curve obtained when P(f) = 0. If the platform heat capacity Cpaform is known, the
sample heat capacity Cgample is derived simply from rand K.

If, however, the thermal contact between the sample and the platform is not perfect, T,(7) has to
be described by equations involving two different time constants, 7, and %. The introduction of the
second 7 was actually the key to further development of relaxation calorimetry [4-6]. K, is now

directly involved in the following heat balance equations to accommodate the second 7.

Cplatform dTp = —Kw [Tp (t) - Tb ]+ Kg [Ts (t) - Tp (t)]+ P(t) ’ (35)
dt
dT,
Compe 3= K, [L.oy-7.0) 3.6)

The relaxation curve can then be expressed as
T,@0) =T, + Aexp(-t/7,) + Bexp(-t/1,), 3.7

where 4 and B are the coefficients. The time constant 7, which is supposed to be shorter than 7,
characterizes the thermal relaxation between the sample and the platform. In this case, if Chiatform and
K., are given, Cgmple is calculated from the values of 7; and . It should be noted here that it is not
necessary to monitor the sample temperature directly and that we do not need the K, value explicitly,
either.

The advantage of the relaxation method is that it provides relatively accurate C, data for small
amount of sample quantity (~ 1 mg). Since the sample size is small, it is also possible to measure the
heat capacity under extreme physical conditions such as in a high magnetic field. One disadvantage
of relaxation calorimetry is that the data of molecular solids at high temperatures are not reliable
because the thermal conductivity of the sample itself becomes poor at high temperatures. Another
disadvantage is that it is difficult to determine accurate C, values at first-order phase transitions by
relaxation calorimetry. Recently we demonstrated scanning method to solve this problem [7], which
is not described in this thesis. Another disadvantage of this method is that the liquid sample cannot
be directly placed on the platform under high vacuum. This problem was also solved by making a

tiny cell for the liquid sample, which will be described in detail in Section 3.1.5.
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sample Csampie, Ts(2)

K,
P(f) —>| platform Cotattorn, Tp(£)
K.
[T
heat sink

Fig. 3.2 The heat-flow diagram for a standard relaxation calorimeter. Cgmple and Cpiatform are the
heat capacities of the sample and the platform, respectively. T(¢f) and T(f) are the temperatures
of the sample and the platform, respectively. K, and K, are the thermal conductance of the wires
and grease including the contribution of the sample itself. 7} is the temperature of the thermal

bath and P(¢) is the power supplied by the heater.

Temperature
T +AT

Heater power

Ty

time

Fig. 3.3 Conventional method in a typical relaxation calorimetry to determine the heat capacity.
A heat pulse with a constant power Py is applied to the sample system (dotted line), and the
sample temperature changes accordingly (solid curve). The resulting relaxation curves can be

fitted with a simple exponential function, from which the heat capacity is calculated.
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3.1.4 PPMS Relaxation Calorimeter

The relaxation calorimeter used in this study was a fully automated commercial calorimeter
named Physical Property Measurement System (PPMS) by Quantum Design [8]. This instrument is
now widely used throughout the world, and the data obtained by this system were carefully assessed
[9-11]. The construction of the PPMS is as follows.

The sample platform consists of a 3 x 3 mm? sapphire plate. At the back, both a thin film RuO
heater and a Cernox™™ thermometer (Lakeshore Cryotronics) are attached. Their lead wires provide
weak thermal link to the heat sink with a conductance of K,,. The thermal contact between the
sample and the platform is achieved with grease (normally with Apiezon™ N). The sample chamber
is evacuated by a turbo-molecular pump to eliminate other conduction paths. The operational
temperature ranges from 1.9 K to 400 K for the standard setup (called “normal system™) and it can
be extended to lower temperatures with either the helium-3 or the dilution refrigerator options. In
this study, the helium-3 system was used to obtain the data down to 0.35 K.

The PPMS software analyzes two successive relaxation curves; the one for heating with a
constant power P(f) = P, followed by the other for cooling with P(f) = 0. With the default setting, Py
is automatically chosen in such a way that the temperature is raised by 2% of the absolute value in a
time of 72 (or 71/2). We can also specify the temperature rise AT in much longer time. But, P, itself
cannot be specifted, and the maximum time for collecting data is limited to 1000 s.

Since Cplaform (0ften called “addenda” heat capacity) includes the contribution from the grease, it
has to be measured beforehand. The PPMS software can apply two models for analysis of the
relaxation curve, either single-tau model or two-tau model. The former, which is normally applied to
the “addenda” measurement, uses the differential equation of Eq. (3.4) for both the heating and
cooling processes. The analytical solutions are given by

R)T(l—e_ﬂr)

7; )= +T, (for heating) (3.8a)

total

—ty/T
7;) = ﬂe_) xe (o) T, (for cooling) (3.8b)

total

where  is the time when the heat pulse is off. As mentioned above, the 7 is given by Ci/Ky. The
PPMS calculates Cioa, Kw and Ty, by a nonlinear least-squared fitting routine. For the sample
measurement, the two-fau model was applied involving the second time constant 7. The analytical
solutions of Egs. (4.4) and (4.5) are

B . P

e—t/rz e-t/rl
(= e + 25K, ( . - . J+7{, (for heating) (3.92)

w
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P —(t-ty)/ny —(t-ty)/ 7y —ty /7 —ty /7,
T =—tr| - P L R | W
45K, (2} (3 B 7, 3

(for cooling) (3.9b)
where
T ! and 7T, = 1 (3.10a, 3.10b)
Y- B a4 B’ ' '
K w Kg Kg

a= + + , @3.11)

2 Cplatform 2Cvplatform 2 Csample

\/(Cplatform K g + C'sample K g + Csample K w )2 - 4Cplatf0rm Csample K w K g
B = (3.12)

2C’platfonn Csample

Since Claform is Obtained beforehand, there are four parameters to be determined: K, K,, Tt and
Csampte- They are all calculated again by a non-linear least squared fitting routine. As long as Eq.
(3.7) faithfully reproduces the measured relaxation curve, the software can determine the Cgymglc

value accurately without knowing any explicit values of K,,, K, and Ty.

3.1.5 Heat Capacity Measurements of Liquid Samples on PPMS

PPMS is basically designed only for solid samples. For liquid samples, there are two problems;
one is that the accurate value of the sample mass cannot be known if the sample is directly placed on
the platform, and the other one is that liquid samples can be evaporated before the measurement
starts. Several trials were made to solve these problems by developing small containers for liquid

samples, and finally three types of containers were used depending on the sample volatility.

Case 1: Low-volatile Sample

When the sample is low volatile, it is not necessary to seal off the container. The sample cell is
made of copper tube; 1.0 mm in outer diameter, 3 mm long and 0.1 mm thick. The mass is
approximately 9 mg. The sampling procedure is comprised of a few steps; (1) flatten one side face of
the tube (to give better thermal conduction to the platform), (2) measure the mass of the cell, (3) put
the liquid sample (c.a. 1 uL) into the cell with a syringe, (4) squash the both ends of the cell, and (5)
measure the total mass. The heat capacity of the cell is calculated from the mass referring the molar
heat capacity of the copper measured beforehand. Copper was chosen as the cell material because:

(1) copper is a standard material for the low-temperature heat capacity, (2) a thin tube of copper is
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commercially available, and (3) it is easy to deform the copper tube. Fig. 3.4 shows a picture of the
copper cell sitting on the sample platform of PPMS puck. Apiezon™ N grease is used as a heat
transmitting medium. Since the squashed two ends of the tube is not vacuum tight, the sample has to
be cooled down first to crystallize (or vitrify) under ambient pressure of helium gas, in order to avoid
the sample evaporation.

Fig. 3.5 shows the low temperature heat capacities of liquid crystalline material 8*OCB
[(8)-4-(1-methylheptyloxy)-4’-cyanobiphenyl] for three phases [12]. The data obtained by adiabatic
calorimetry is also shown. The agreement between the two data sets is excellent. Fig. 3.6 shows the
contribution from the sample (glass of liquid for 8*OCB, in this case), the addenda and the cell to
the total heat capacity. The sample contribution above 2 K amounts more than 30%, whereas, below
2 K, the contribution decreases dramatically because of the electronic heat capacity of copper of the
cell. Actually, this effect is reflected in the heat capacity obtained (Fig. 3.4), where the data scatter

significantly at low temperature.
Case 2: Volatile Sample

When the sample is volatile, the cell described above cannot prevent the sample from evaporation
even under the ambient pressure during the cooling. In such a case, the ends of the copper tube are
pinched off to be sealed by dull-edged nipper. The sealing is tight enough to keep large part of the
sample in the cell under one atmospheric pressure, although it is not fully-sealed. Since small
amount of evaporation of the sample is unavoidable, the total mass is usually not measured.
Alternatively, the background heat capacity is measured every time after the sample measurement,
The background is obtained by evaporating the sample under high vacuum at room temperature.
Since the amount of sample in the cell can not be measured in this procedure, it has to be determined

by referring the sample heat capacity obtained from adiabatic calorimetry.
Case 3: Highly Volatile Sample

When the vapor pressure of the sample is extremely high, the pinched-off ends of the cell cannot
keep the sample in the cell even under the ambient pressure. In this case, the aluminum pan is used
as a sample container. In this study, the Volatile Aluminum Sample Pan (No. 0219-0062) produced
by Perkin Elmer for the differential scanning calorimetry (DSC) was used. The inner volume of the
pan is 20 uL and the mass is approximately 24 mg. The pan can be hermetically sealed which
withstands the pressure of more than three atmospheres. Since the sealing of the pan is perfect, the
mass of the sample can be easily measured. One problem of this container is that aluminum

undergoes a superconducting transition at 1.2 K. Since the heat capacity of aluminum in the
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superconducting phase (below 1.2 K) easily varies with mechanical deformation, the heat capacity of
the empty pan has to be measured every time after the sample measurement. The aluminum pan is
emptied out by making a hole in it and then exposing it under high vacuum. As a matter of fact,
however, even by this hole, the heat capacity of the aluminum pan can slightly be changed. Another
problem of the aluminum pan is that the sample amount is significantly large. In relaxation
calorimetry, the time constant of the relaxation is proportional to the sample heat capacity so as to
the sample amount. Therefore when the sample heat capacity is very large at low temperature, the
measurement time becomes extremely long. It sometimes becomes longer than 1000 seconds which
is the maximum limit of the measurement time of PPMS. Considering these problems, the aluminum

pan was used as a last option.

In this study, the second option (copper cell with relatively tight sealing) was applied for all the
liquid samples except for methyl iodide. Since methyl iodide has extremely high vapor pressure, the

third option was applied.

1.0 mm

Fig. 3.4 A cell for liquid samples sitting on the sample platform of PPMS puck. ApiezonTMN
grease is used as a heat transmitting medium between the cell and the platform. The cell is made

of copper with mass of about 9 mg. It contains about 1 pL of liquid sample.
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Fig, 3.5¢C,/T ? plot for the three phases of 8*OCB as an example to show the overall performance
of the liquid sample cell [13]. The filled-marks are the data obtained by PPMS, using the liquid
sample cell. The open-marks are the data obtained by an adiabatic calorimeter [12]. Both data sets

agree very well for each of the phases.
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Fig. 3.6 The contribution from the sample (glass of liquid for 8*OCB), the addenda and the liquid
sample cell to the total heat capacity. The sample contribution above 2 K is more than 30%.
Below 2 K, on the other hand, the contribution of the cell becomes dominant because of the large
electronic heat capacity of copper, and the sample contribution falls steeply down to about 5% at

the lowest temperature (0.35 K).
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3.2 Analysis for the Calorimetric Data
3.2.1 Fractional Melting Method — Determination of the Sample Purity —

Depression of fusion temperature due to the existence of impurity is one of the well known
colligative properties of material. Using the relation between the depression of melting point and the
fraction of fusion, the sample purity can be determined, which is called fractional melting method
[14]. Since adiabatic calorimetry precisely measures the amount of energy supplied into the system,
it is possible to quantify the fraction melted from the melting curve of enthalpy.

If the impurity is dissolved only in the liquid phase, the equilibrium temperature T, in the

coexisting state of liquid and solid phases is represented as

R-T,°

T =T, - X
* e AfusI{m

1

7 , (3.13)
where Tjy is the fusion temperature of the pure material, AssHyy is the molar enthalpy of fusion, R is
the gas constant and x is the mole fraction of the impurity. f'is the fraction melted which can be
calculated from the energy supplied. From the slope in the plot of T4 against f~ ' (1/fplot), x can be
determined.

If the impurity is partially dissolvable in the solid phase, Eq. (3.1) is no longer applicable. The 1/f

plot then deviates from a straight line. In such a case, a modified equation may be used to fit the plot
[15],

R-T," «x
AfusI{m a+f’

Teq = Tfus - 3.14)

where a is defined as @ = K/ (1 — K) and X is the solubility ratio of the impurities in the two phases.
3.2.2 Lattice Heat Capacity

On analyzing the heat capacity data, it is necessary to separate the contribution of molecular
motions of interest. In general, heat capacity of a molecular solid consists of several modes such as
the lattice modes, the intramolecular modes or the electronic and magnetic modes. The last two
contributions are not considered here, since the compounds studied in this work are neither electric
conductive nor magnetic materials. For the first two contributions, two models are useful; Einstein
model and Debye model.

The Einstein model assumes that the frequency wg of the motion of interest is constant and equal

for all molecules. The Einstein heat capacity is given by,
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C, = Nk, (H—Ej exp(©; /T) = (3.15)
T ){exp(6, /T) -1}
where & is the Einstein temperature defined by
% _ hﬁ. (3.16)
T kT

This model can be applied to the intramolecular motions within the harmonic approximation. It can
also be applied to the optical modes of lattice vibration, in which the frequency is independent of the
wave vector.

For the acoustic modes of lattice vibration, the Einstein model cannot be applied because the
frequency has density distribution G(@). In the Debye approximation, G(w) is assumed to be
proportional to @” below the cut off frequency wp. The distribution above @y, is zero; G(w) = 0. The

formula of Debye heat capacity is given by

3

T /T x'e”

c, =9NkB[—] [, 3.17)
N (ex - 1)

where & is Debye temperature, which is related to the cut off frequency ap as
6, ho
D -_"D (3.18)
T kT
ap is defined by
67’0’ N
@3 = ”T (3.19)

where v is the sound velocity, ¥ is the volume and V is the total number of acoustic phonon modes.
All properties are therefore determined by the sound velocity o, which comes from the basic
assumption of the Debye model that all the dispersion relation of phonons can be replaced by a
single linear acoustic branch,

w=vK, (3.20)

where K is a wave vector.
3.2.3 Deuteration Effect on the Lattice Heat Capacity

Using Einstein and Debye models, it is possible to predict the mass effect on the lattice heat

capacities. For the intramolecular vibrations, the harmonic approximation gives the frequency w as

w="L1/ 321)
27 \m

where m is the reduced mass of the oscillator and f'is the force constant. If fis independent of m, the
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mass effect on the Einstein heat capacity can easily be derived through the variation of frequencies @
with the reduced mass m.

For the acoustic vibrations, the variation of atomic or molecular mass is included in the sound
velocity v. In the single-atomic one-dimensional crystal, the dispersion curve of the vibrational

modes of long wavelength, i.e. small value of X, can be described as

o= aK\/Z , (3.22)
m

where fis force constant between atoms, a is lattice constant and m is mass of atoms. If the force
constant and the laftice constant does not vary with mass change,

moc v® o 0} <. (3.23)
By applying this relation to the lattice dynamics of molecular crystals, the mass effect on the Debye
heat capacities can be derived.

Since the deuteration effects on the lattice heat capacity are mainly due to the mass effect, the
two models are useful to predict the lattice heat capacities of deuterated materials from those of the
non-deuterated analogs. This is because, in these models, the mass contributions in heat capacities
can be reduced to the factors of & and 6. If € and & vary with mass in a similar way, like Eq.
(3.21) and Eq. (3.22), the heat capacity of the deuterated compounds can be derived by scaling the
values of non-deuterated compounds against temperature with single reduction factor. This is the
simplest case. Usually & and &, show different mass dependence, so that the two contributions (the
Einstein and Debye heat capacities) have to be treated separately. The Einstein heat capacity of the .
deuterated material can be calculated using Eq. (3.15), (3.16) and (3.21), when all the frequencies of
the intramolecular vibrations are known and when the types of motion do not differ with deuteration.
When the type of motion significantly vary with deuteration, the Eq. (3.21) is no longer useful. Then
it is necessary to determine the normal modes and their frequencies of the deuterated material, which
are usually done either by the quantum mechanical computation or by spectroscopic measurement.
The former method is useful when there is no experimental data at hand, while the latter one gives
more reliable values of frequency. Once the Einstein heat capacities are derived, the Debye
contribution can be obtained by subtracting the Einstein contributions from the total heat capacity.
The Debye heat capacity of the deuterated compound is then obtained by scaling the data of

non-deuterated compound against temperature.
3.2.4 Schottky Heat Capacity

In the Einstein model, the energy levels to be occupied are assumed to exist up to infinite levels.
This is why the Einstein heat capacity approaches to constant value of R at high temperature. If the

number of energy levels is finite, heat capacity should approach to zero at high temperature. This
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problem was considered by Schottky in 1922 [16]. If the system has an energy scheme of m levels
separated from the ground state by energies &, &, ..., &, with degeneracy g, g3, ..., gn, then the

probability of a particle occupying the rth level is given by
P — gr exp(_ 8r /kBT) (324)

m 2

Zgr exp(— g /kBT)

r=1

where the Boltzmann distribution law is assumed. With N independent particles in the system, the

mean energy at temperature 7 is,

NY 5,8, expl-z, /k,T)
U=—=l } (3.25)

> g expl-2, /K T)

r=1

The heat capacity can be obtained by calculating dU/d7, which is called Schottky heat capacity. For
a two-level system spaced by ¢, for example, the Schottky heat capacity is given by,
_ Net g, expls, / k5T)
- 2 2 -

kT g [1 + (g0 /g, )exp(f;1 kT )]

sch (326)
At high temperature limit (&/kgT << 1) Cyy, is proportional to 7~ 2, which is true for the multi-level

system.

3.3 Infrared Spectroscopy
3.3.1 Principle of Infrared Absorption

Infrared (IR) absorption spectroscopy is one of the most common spectroscopic techniques used
in chemistry. It measures the absorption of the IR beam by a sample, which is characteristic to the
molecular motions.

When absorption occurs from the sample state m to », the rate of population (¥,) change is given

by

dgﬁ" =N,B, pW¥v), (3.27)

where B, is the Einstein coefficient for the photo absorption and p(v) is the radiation density given
by
87hv?

p) = m , (3.28)
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where v is the frequency of the radiation and c is the velocity of light. The Einstein coefficient is
related to the transition probability [R™)* by

8’

2
B, =—R"|, (3.29)
(4rme,)3h ’
where & is the vacuum permittivity. R™ is the transition moment which is given by
R™ = J'z//; py, dr, (3.30)

for interaction with the electric component of the radiation. The quantity p is the dielectric dipole

moment operator
P=Zqiri R 3.31)

where ¢; and r; are the charge and position vector of the ith particle, respectively. The transition
moment R™ is thus thought as the oscillating electric dipole moment due to the transition. In case of
excitation from the ground state to the first excited state, B, is related to the molar absorption
coefficient &(v) by
.[2 e(v)dv = NyhvB,, :
1 cIn10
&v) is experimentally obtained through the absorbance A, which is defined by the common

(3.32)

logarithm of the ratio of incident radiation power I, to the one transmitted by the sample /.
When the sample is a solid film, absorption coefficient « and the thickness of the film d are

usually used instead of &(v), C and /, so that 4 is given by
A=a(v)d. (3.33)

For IR absorption measurement, the transition moment in Eq. (3.31) can be rewritten as,
R, =y py", dr, (3.34)

where y/, and ¥’ are the vibrational wave functions of lower and upper states respectively, and x is
the displacement of the internuclear distance from the equilibrium position. If the dipole moment p
is zero, then R, = 0 and all vibrational transition are forbidden. If p is non zero, it can be expanded

to a Taylor series

_ dp 1(d’n) ,
R=n, +(a]ex+5(gjex +.., (3.35)

where the subscript “e” refers to the equilibrium configuration. From Eq. (3.34), the R, then

becomes

_ (LT} dll [hd "
R, =p, Il// W “d“(&)e Il// Xy dx+... (3.36)
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The first term is zero because the two eigenfunctions are orthogonal to each other, and the second
term is non-zero only if Av= <1. In the harmonic oscillator, since the spacing between the levels are

equal, all transitions obey this selection rule being coincident at a wavenumber w.
3.3.2 Experimental Setup

The infrared absorption spectra were recorded on FTIR 6100 spectrometer (JASCO Corp.)
equipped with a Optistat®CF cryostat (Oxford Instrument) [17]. The temperature range explored

was from 6 K to 100 K and the wavenumber range was from 400 to 4000 cm™".
Spectrometer

FTIR 6100 spectrometer is a standard Fourier transform infrared spectrometer. It consists of
high-intensity ceramic IR source, 28° Michelson interferometer with Ge/KBr beam splitter, and
DLATGS detector. The accuracy of wavenumber is within £0.01 cm™ (theoretical value), and the
maximum resolution is 0.5 ¢cm™. In order to diminish the undesirable peaks of water vapor, the
instrument’s chamber, where the cryostat was placed, was continuously purged with dried air during

the measurement.
Cryostat

The cryostat works on the continuous flow principle, i.e. liquid helium is transferred from a
separate Dewar and circulated through a transfer tube to the heat exchanger of the cryostat (Fig. 3.7).
The cryostat consists of two cylindrical cans (Fig. 3.8), one inside the other. Sample is put inside the
inner can which is filled with heat exchange gas (helium). The space between the two cans is
evacuated to insulate the thermal conduction. Both cans have windows of KRS-5 crystal to let the IR
beam transmit.

On cooling the sample room, the cold helium gas passes through the heat exchanger. Temperature is
controlled by using the heater located near the sample holder and regulating the amount of gas flow.

A thermometer attached at the heat exchanger is referred for the temperature control.
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Fig. 3.7 Schematic view of the cryo-system for the infrared absorption measurement [17].

Sample Holder

Sample is loaded from the top of the cryostat using a rod on which the sample holders are attached.
The length of the rod is adjustable from the outside so that the sample can be positioned on the beam
line to obtain the maximum absorption signal. The sample holder consists of two pieces of KBr (or
KRS-5) single crystal plates, between which a drop of sample is sandwiched. All the samples
measured in this study were liquid at room temperature. In order to prevent the sample from
evaporation, it was installed into the cryostat, which had already been cooled down to ~ 100 K,
immediately after the sampling. Two or three sample holders were attached on the rod in line, one of
which was kept empty to be used as reference background and the other holders were used for the
sample measurement. The sample temperature was measured by a chromel-gold/iron thermocouple
attached to the reference holder. The ice point was taken as a reference temperature. The
thermocouple was calibrated at 77.3 K (liquid nitrogen), 20.4 K (liquid hydrogen) and 4.2 K (liquid
helium) referring 273.15 K (ice point). The precision of the reading of the digital voltmeter was +1
uV, corresponding to about 0.06 K below 100 K. The actual temperature precision was determined
by the temperature fluctuations as well as the temperature difference between the reference plate and
the sample plate, which was at largest about +4 pV corresponding to £0.24 K.

In most cases, the background measurement was made before the sample measurement in order to

minimize the undesirable signal from carbon dioxide in the dried air.
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Fig. 3.8 Sketch of the cryostat (left) and the sample holder (right).

3.4 Data Analysis of IR Spectra

3.4.1 Assignment of Vibrational Modes

As the first step of data analysis, the absorption bands observed were assigned. The assignments
were undertaken referring to the results of analogous molecules (mostly of the non-deuterated
compounds), which had been assigned before. In addition, quantum mechanical computation was
carried out to obtain the IR spectra. The computation was made with Gaussian 09 [18] using density
functional theory (DFT) with the B3LYP method and utilizing the 6-31G(d) basis set for all atoms.
All calculations refer to an isolated molecule (e.g. gas phase), and the influences from intermolecular
interactions were not considered. The vibrational modes contributing to IR absorptions were
analyzed using the animation mode of GaussView 5 [19] and assignments were made on the basis of

these visualizations.

3.4.2 Absorbance Intensity

On the analysis of the IR absorption spectra in this study, the temperature dependence of the peak
intensities were investigated. Absorption intensities are obtained by integrating the peak area. When
a peak consists of several components (a double peak or a peak with shoulders), it has to be

decomposed by curve fitting. In this study, the spectra were fitted by Voigt functions which is the
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convoluted functions of Gaussian and Lorentzian functions.

It should be noted that the spectra obtained in this work were the absorbance 4 and not
absorption coefficient a (Eq. (3.33)), so the peak intensity depends on the sample thickness d. Since
the sample thickness vary from measurement to measurement, the intensities between different
measurement sets are not comparable, which is possible only for the data in the same measurement

run.

3.5 NMR Measurements

Nuclear magnetic resonance (NMR) measurements were made to obtain the deuteration degree of
the methyl groups. NMR spectra, including 'H, were recorded on a JOEL JNM-ECA500
spectrometer. CDCl; was used as solvent. The deuteration degrees were estimated by taking the ratio
of the peak integrals assigned to the protons in the methyl groups and in the molecular frame.
Chemical shifts are reported in ppm from tetramethylsilane with reference to internal residual
solvent, CHCl; (& 7.24).
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Chapter 4

Orientational Ordering of Partially Deuterated Methyl Groups in Solid
4-Methylpyridine

4.1 Introduction

From the preceding works on hydrogen bond system as well as the ammonium ion system, it was
expected that the compounds showing a significant proton tunneling are more likely to show a
dramatic deuteration effect on the phase behavior. From the view point of the mass effect on the
delocalized wave functions, this prediction seemed reasonable and also true for the methyl group
systems. For this reason, the series of investigations was started with 4-methylpyridine (4MP) whose
methyl groups rotate almost freely in crystal. The rotational tunnel excitations of 4MP have been
observed at 519 peV by high resolution INS measurements [1]. To the best of my knowledge, this is
the largest value obtained for the methyl group system in solid.

The crystal structure of 4MP is already established by neutron diffraction measurements [2,3].
The structure is tetragonal (/4,/a) at 4 K with four molecules in a primitive cell (Fig. 4.1). The
dominant dipole-dipole interaction leads to an anti-parallel ordering of the molecules with respect to
the ¢ axis. The shortest intermolecular C-C distance is reported to be 3.430(2) A [2] or 3.462 A [4]
occurring between face-to-face methyl groups, which is significantly shorter than the van der Waals
distance (4 A) of methyl groups. In order to explain this, Ohms et al. [5] proposed that the methyl
groups are twisted by +£60° with respect to each other. The next shortest intermolecular C-C distances
of 3.956(1) A occur parallel to a and b axes, forming two equivalent sets of orthogonal infinite
chains of methyl groups (Fig. 4.1). The carbon site of the methyl group is fixed on a point having
twofold symmetry, while the proton sites of the rotor are indistinguishable in the probability density,
which is revealed by the map of isodensity contours of the proton distribution (Fig. 4.2) [2]. 4MP
undergoes a phase transition at 254 K with symmetry change to /4;/amd above this temperature.

There have been a lot of discussions about the rotational dynamics of the methyl groups in 4MP
at low temperature. In particular, the difference between lithium acetate dihydrate (LiAc) and 4MP

has been extensively discussed, since they are similar in crystal structure, both having pairs of
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face-to-face methyl groups with rather short distance, ~3.5 A (4MP) and ~ 3.3 A (LiAc), and also
short distances between the neighboring pairs, 3.95 A (4MP) and 3.4 A (LiAc). For LiAc, the
rotational states were described in the framework of coupled pair rotation, in which the coupling in
the facing pairs is more important than the coupling between the neighboring pairs [6-9]. For 4MP,
on the other hand, the INS spectra indicated some additional features in the rotational states. In order
to explain the somewhat complicated structure of tunneling spectrum, Clough ef al. [1] have
introduced a dynamic coupling model between the facing two methyl groups, resulting from mutual
gauge or vector potential. Fillaux et al. [10-12] introduced the quantum sine-Gordon equation, taking
into account the quantum interaction between the methyl groups on the one-dimensional infinite
chain along a and b axes. The resultant rotational states were categorized into several kinds, the
collective in-phase and out-of-phase excitations and the spatially localized kink (soliton) and
breather (doublet) modes. The strong inelastic peak at 519 peV was assigned to the breather modes.
Neumann et al. opposed to this sine-Gordon model and proposed the rotational-libration and
rotor-rotor coupling model [13], which is based on on the same framework of the coupled pair model,
but additional contributions of the coupling between the rotation of the methyl group and the
libration of the whole molecule is also taken into account. In spite of these active discussions, the
universal agreement has not been obtained yet.

Some investigations of the deuteration effects on 4MP have also been made. Adel et al. [14]
found a second-order phase transition at 5.27 K for CsH,N-CH,D by adiabatic calorimetry which is
absent for the non-deuterated 4MP. Fillaux et al. [12] found inelastic peaks in INS spectra for
CsH4N-CH,D at 388 pueV and 436 peV at 2 K, in which the lower frequency band (388 pneV) merges
progressively into the band at 436 peV at 5 K. They again applied the sine-Gordon theory to explain
these results. Neumann et al. [13] explained the same results using their rotational-libration and
rotor-rotor coupling model.

In this study, heat capacity measurements were made for four isotopic species of 4MP, that is,
CsH4N-CH3, CsH4yN-CH,D, CsHN-CHD, and CsH4N-CD; between 0.35 K and 300 K. The main
purposes were (1) to investigate the phase behavior of all four compounds, (2) to establish their

thermodynamic quantities, and (3) to compare the results with those of LiAc.
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Fig. 4.1 Schematic view of the structure of the 4MP crystal at 10 K [2]. (Left) The unit cell.
(Right) The projection onto the (a, ¢) plane showing the infinite chains parallel to @ (along the

zigzag line) or parallel to b (circles). The positions of proton are not shown.
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Fig. 4.2 (Left) Map of isodensity contours of the proton distribution in the rotational plane of the
methyl groups in 4MP at 10 K, obtained with the Fourier difference method. The solid lines
represent the orientations of the molecular planes [2]. (Right) INS spectrum of 4MP at 2.3 K
showing a strong inelastic peak at 519 peV together with two small peaks [1].

4.2Experimental

CsH4N-CHj3 (99%) and CsHy;N-CD; (98%D) were purchased from Sigma Aldrich. CsH4N-CH,D
and CsH4N-CHD, were synthesized at LADIR-CNRS, France.
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The heat capacity measurements were carried out between 3 K and 300 K by adiabatic
calorimetry, and between 0.35 K and 20 K by relaxation calorimetry. The amounts of the sample
used in the adiabatic calorimetry were 1.9289 g (0.02071 mol) for CsH,N-CH3, 1.8445 g (0.01960
mol) for CsH4N-CH,D, 2.0143 g (0.02117 mol) for CsH,N-CHD, and 1.9865 g (0.02066 mol) for
CsH4N-CDs, respectively.

The amounts of the sample used for the relaxation calorimetry were 0.29 mg (3.1x107® mol) for
CsH,N-CHs, 0.64 mg (6.8x107° mol) for CsH4N-CH,D, 0.77 mg (8.1x107® mol) for CsH,N-CHD,,
and 0.37 mg (3.8x107° mol) for CsH,;N-CDs, respectively. Since 4MP is liquid at room temperature,
the liquid sample cell (see Section 3.1.5 Case 2) was used. The sample amounts on the relaxation

calorimetry were determined referring the heat capacities of adiabatic calorimetry.

4.3 Results and Discussion
4.3.1 Overview of the Heat Capacity Results

Fig. 4.3 shows the heat capacities of 4MP and its deuterated analogs over the whole temperature
range. All the compounds showed a solid-solid phase transition around 254 K. The deuterated
compounds (CsHsN-CH,D, CsH4N-CHD, and CsH4N-CD;) have a phase transition below 10 K.
Several small bumps were also observed in heat capacity between 150 K and 250 K for all samples.
These anomalies were not reported in the previous measurements for CsHyN-CH; by Messerly ef al.
[15] or Chirico et al. [16]. This may be due to the water impurity of the sample, because the
compounds are highly hygroscopic. Indeed, the sample purities calculated by the fractional melting
method (see Section 3.2.1) were about 98.1% on average, which is significantly lower than those in
the previous two reports (99.97% [15] and 99.925% [16]). The purity and the thermodynamic
quantities associated with fusion are tabulated in Table 4.1. Among the compounds measured, the
enthalpies and entropies of fusion are similar, except for CsH,N-CH,D which has slightly smaller

values than the others.
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Fig. 4.3 Molar heat capacities of CsH4N-CH;, CsHs;N-CH,D, CsH4;N-CHD, and CsH4N-CD;
between 0.35 K and 300 K. The ordinate is for CsH4N-CHs. The results for the other three
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ly shifted upward by 10 J K" mol™".

Table 4.1 Thermodynamic quantities associated with the phase transition and fusion together

with the purity of the samples measured. The values obtained by Messerly ef al. [15] and Chirico

et al. [16] are also shown.

Ty [er(D)—cr(1)] Lot AgH AgsS Ty
purity(%)
K K k] mol” JK ' mol K
CsH4N-CH;4 253.9 275.7 11.99 43.84 98.12 276.6
CsH4N-CH,D 254.3 274.6 11.49 42.34 98.19 276.1
CsH4;N-CHD, 2544 275.5 11.94 43.7 98.12 276.6
CsH4N-CD; 254.2 276.1 12.09 44.12 98.11 277:1
CsH4N-CHj (ref.)
Messerly et al. 255.00 276.8 12.5823 99.97 276.817
Chirico et al. 99.925 276.826
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below 20 K. CsH4N-CD; has a A-shaped phase transition at 8.6 K. CsH4N-CH,D and
CsH4N-CHD; show a phase transition at 5.2 K and 7.5 K, respectively, with a broad hump in heat

capacity.

4.3.2 Low Temperature Heat Capacities

Fig. 4.4 shows the heat capacities of 4MP and its deuterated analogs below 20 K. CsH4;N-CDs
undergoes a A-shaped phase transition at 8.6 K. CsH4N-CH,D and CsH;N-CHD, show a phase
transition at 5.2 K and 7.5 K respectively, with a broad hump in heat capacity. CsH;N-CH; does not

undergo such phase transition, but it shows a long thermal relaxation around 10 K.

CsH4N-CH3

The thermal relaxation with a long time constant for CsH;N-CH; may be due to the nuclear spin
conversion of the protons associated with the tunnel excitation of methyl groups (see Section 2.2). In
adiabatic calorimetry, as mentioned in the experimental section (Section 3.1.1), the temperature
before and after the heating is obtained by extrapolating the temperature drift to the mid-point of the
heating period. With the slow relaxation, the temperature monitoring takes long time to reach to the
equilibrium state. Fig. 4.5 demonstrates the temperature variation after the heating at 10 K.
Comparing to the normal equilibration time at this temperature, which is about one minute, the
relaxation time observed is significantly longer (about 40 minutes). Two types of heat capacities,
therefore, can be derived using different final temperatures (77); one is obtained by extrapolating the

data soon after the heating, and the other one is obtained by extrapolation the data after the long

50



relaxation. The resultant heat capacities are called “instantaneous™ heat capacity and “equilibrium”
heat capacity, respectively. The former one corresponds to a composition of spin species frozen-in at
the initial temperature before heating. At low temperature, the equilibration time becomes too long to
obtain the equilibrium heat capacity with high precision.

In relaxation calorimetry, on the other hand, only the instantaneous heat capacities were
measured. This is because the curve fitting program for the temperature relaxation equipped on the
calorimeter (PPMS) could only detect the relaxation of lattice composition. Fig. 4.6 shows both
instantaneous and equilibrium heat capacities of CsHyN-CHs. The equilibrium one is in good
agreement with the previous results of Chirico ef al. [16], and the instantaneous one with the results
of Messerly et al. [15].

The excess contribution in the equilibrium heat capacity is definitely due to the rotational
tunneling of the methyl groups. Considering the fact that tunnel excitation peaks have been observed
around 519 peV by INS measurement, Schottky heat capacity (Section 3.2.3) of two energy levels
spaced by 519 peV with equivalent degeneracy gi/go=1 was calculated. The result of the
calculation reproduces well the equilibrium heat capacity (the solid curve in Fig. 4.6). Unfortunately,
this result itself does not exclusively support any models of the rotational states. For example, in the
single rotor model with three-fold symmetric potential, which is the simplest but less realistic for
4MP, the tunneling states are expected to be 4 and E states. As mentioned in Section 2.2, if the
nuclear spin states of protons are taken into account, both levels are fourfold degenerated, so that the
ratio of degeneracy is gi/go = 1. If one accepts the excitation observed at 519 peV as the 4 & E
transition, the equilibrium heat capacity follows the solid curve in Fig. 4.6. For the coupled rotor
models, although the energy scheme becomes slightly more complicated, the resultant excess heat
capacity is almost the same. The excess heat capacity based on the sine-Gordon model is also similar.
This is because the framework of both the coupled rotor model and the sine-Gordon model is the
same to the single rotor model. These models were proposed to explain the detailed structure of the
INS spectra. Generally, heat capacity measurement at low temperature is advantageous to examine
the basic structure of the energy scheme, but it is unsuitable for the investigations of their detailed
structure. INS measurement, on the other hand, provides the information about the detailed structure
of the energy scheme, but it is not suited for the investigation of the whole structure of the scheme.
This is because INS only detects the excitation between two levels. In this respect, the results of the
present calorimetric study for 4MP are valuable in confirming the basic structure of the energy

scheme used in the various models proposed in the past.
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Fig. 4.6 Equilibrium and instantaneous heat capacities of CsH4sN-CHj. The heat capacities obtained
previously by Chirico et al. [16], and Messerly et al. [15] are also shown. The solid curve shows a

Schottky type heat capacity (g;/go=1) added to the instantaneous heat capacity.

CsH4N-CD;s

CsH4N-CD; undergoes a A-shaped phase transition at 8.6 K. In order to extract the contribution
from the transition, the lattice heat capacity was estimated using the heat capacity of CsH4;N-CHs,
taking into account the mass increment (Section 3.2.3). The calculated base line represents well the
heat capacities for CsH4N-CDj; between 17 K and 24 K (Fig. 4.7). From the excess heat capacity, the
transition entropy was calculated to be AS = 3.0 J K™ mol™" (Fig. 4.8). Like the deuteretion-induced
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phase transitions in hydrogen bonded system, this transition is due to the mass effect on the quantum
motion, that is, the ground torsional wave functions are localized showing up the orientation of the
rotor in the classical regime, which orders at low temperature through a phase transition. If one
accepts the suggestion by Ohms et al. [5] that the facing methyl groups are coupled and twisted by
+60° to each other, the phase transition is due to the ordering of coupled rotors. Suppose that the
coupled methyl groups have two possible orientations in the high temperature phase (Fig. 4.7) and
only one of them is possible in the low temperature phase, then the transition entropy is AS = (1/2) R
In2=2.88J K" mol”, which agrees well with the experimental result (AS = 3.0 J K" mol™"). This
result is analogous to that of fully deuterated LiAc [9], indicating that the coupling between the two
facing methyl groups is stronger than the other intermolecular interactions. The sine-Gordon theory
seems therefore inappropriate to explain the rotational state at least of CsHs;N-CDs. The interaction
through the chains of methyl groups seems to be the second most important factor serving the

correlation paths of the cooperative ordering.
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Fig. 4.7 (Left) Molar heat capacity of CsH4sN-CD; (open-marks) and the excess heat capacity
(filled-marks). The solid curve shows the normal heat capacity and the dot curve shows the heat
capacity of CsH4N-CH;. (Right) Two possible orientations of the coupled methyl groups for
CsH4N-CDs in the high temperature phase.
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Fig. 4.8 Entropy gain due to the phase transition for the methyl deuterated 4MPs. The transition
entropy of CsH4N-CD; agrees well with the expected value of (1/2) RIn 2, while those of
CsH4N-CH,D and CsH4N-CHD; are smaller than that expected (1/2) R In 18.

C5H4N-CH2D and C5H4N-CHD2

CsHsN-CH,D and CsH4N-CHD; also showed a phase transition at 5.2 K and 7.5 K respectively,
with a broad hump in heat capacity. The lattice heat capacity of CsH;N-CH,D and CsHsN-CHD,
were estimated by scaling the instantaneous heat capacity of CsHsN-CHj; against temperature (Fig.
4.9). The scaling factor was 0.975 for CsH4N-CH,D and 0.963 for CsH4sN-CHD,, respectively. The
transition entropies were AS = 7.9 J K™ mol™ for CsH4N-CH,D and AS = 10.1 J K™ mol™ for
CsHsN-CHD,, respectively (Fig. 4.8).

If the order-disorder model of the coupled rotors, which successfully explained the phase
transition of CsH4N-CDs;, is applied to CsH4N-CH,D and CsH4N-CHD,, 18 (=3x3x2) orientations
are possible for the coupled rotor in the higher temperature phase (Fig. 4.10). If only one of them is
possible in the low temperature phase, the transition entropy is AS = (1/2) R In 18 = 12.02 J K™
mol ™', The experimental values are significantly smaller than this quantity. As far as the equilibrium
heat capacities are obtained, the deficient entropies should be compensated somewhere. Since the
methyl groups are likely to rotate freely in the liquid phase, the rotational entropies seem to be the
same for all the compounds except for the difference of R In 3 originating from the different
rotational symmetry. Since the entropies of fusion (Table 4.1) as well as the entropies of the
transition at 7 = 254 K (not shown in Table 4.1) are similar and since there is no other thermal
anomaly in the high temperature phase, the deficient entropies must be hidden in the low

temperature phase.
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There are three possible answers to explain the deficient entropies. One is the freezing of
ordering process at low temperature. The residual entropies are then retained as frozen-in disorder in
the glassy phase. However, no evidence of glass transition has been detected yet, such as a long
thermal relaxation. The second possibility is that another phase transition is hidden at very low
temperature below 0.35 K. If this is true, some microscopic picture is needed for the intermediate
phase between the two transitions, which is actually difficult to draw. For example, even if only two
orientations in Fig. 4.10 are possible in the intermediate phase, the configurational entropy is (1/2) R
In2=2.88 J K" mol™", which is significantly larger than the residual entropy of CsH4sN-CHD, (1.92
J K" mol™). The third possibility is that the residual entropies are compensated by some additional
quantum states which are so low in energy levels that the excitations were not detected in this
experiment. Since the lowest temperature of the measurement was 0.35 K, the energy levels should
be spaced by less than 30 peV. The high resolution (AE ~ 15 peV) INS measurements for
CsH4N-CH,D have revealed the tunnel excitations at 79 ueV, 388 peV and 426 peV at 2 K, which
are much larger than 30 peV. Incidentally, these contributions correspond to the heat capacity hump
below 5 K. Investigations for much lower energy range could provide some evidences of such levels.

These results for the partially deuterated 4MPs show remarkable contrast to those of LiAc. In
LiAc, the transition entropies of both -CH,D and -CHD, compounds are almost equal to
(1/2) R In 18, showing that the orientational ordering is completed at the lowest temperatures of the
measurement [9]. It can be thus concluded that the rotational states of the methyl groups are different
between LiAc and 4MP not only for -CH; compounds but also for the -CH,D and -CHD,
compounds, and only the behaviors of -CD; compound are similar, in which the classical

order-disorder model explains well the phase transition.
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Fig. 4.9 Molar heat capacity (open-marks) and excess heat capacity (filled-marks) of
CsH4N-CH,D (left) and CsH4N-CHD; (right). The solid curves show the normal heat capacities
and the dot curves show the heat capacity of CsH4N-CHj.
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Fig. 410 Eighteen possible orientations of the coupled methyl group for CsH;N-CH,D in the
high temperature phase. If one of the orientations is possible in the low temperature phase, the
transition entropy will be AS = (1/2) R In18 = 12.02 J K™' mol™", which is significantly larger than

the experimental value.

4.4 Summary

Heat capacity measurements were made for 4-methylprydine and its deuterated analogs
(CsH4N-CH3, CsH4N-CH;D, CsHsN-CHD; and CsH4N-CDj3). CsHyN-CD; exhibits a A-type phase
transition at 8.6 K. CsH4;N-CH,D and CsH4N-CHD, show a phase transition at 5.2 K and 7.5 K
respectively, with a broad hump in heat capacity. CsH4N-CH; does not undergo such phase transition,
but it shows a long thermal relaxation around 10 K, which is attributed to the nuclear spin
conversion of the protons in the methyl groups. The transition entropy is AS = 3.0 J K™! mol™ for
CsHy,N-CD3, AS = 7.9 J K™ mol™ for CsHN-CH,D, and AS = 10.1 J K™ mol™" for CsH,;N-CHD,.
The orientational order-disorder model of the coupled methyl groups explains well the transition
entropy of CsH4yN-CD;s. For CsH;N-CH,D and CsH;N-CHD,, however, the experimental values are
significantly smaller than that expected from the same model, indicating that the orientations of the
methyl groups are not completed even at the lowest temperature of the measurement. These results
show remarkable contrast to those of lithium acetate dehydrate, in which the transition entropy is

explained by the classical order-disorder model of the coupled rotors.
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Chapter 5

Orientational Ordering of Partially Deuterated Methyl Groups in Solid
2,6-Dichlorotoluene

5.1 Introduction

As another methyl group system showing rotational tunneling in solid, trihalogenomesitylenes
(THMs) are also known. The rotational dynamics as well as the crystal structure of THMs have been
extensively investigated by Meinnel et al. [1-3]. THM molecules have three methyl groups, each of
which is surrounded by two halogen atoms (Fig. 5.1). The three methyl groups are not equivalent in
the crystal, giving three sets of different rotational tunnel excitations observed by inelastic neutron
scattering (INS) experiments (Fig. 5.2) [1]. With increasing the size of halogens, the spacing of the
tunnel levels increases, which indicates that the methyl groups are less hindered (Fig. 5.2). Neutron
diffraction measurements as well as the quantum mechanical calculation showed that the
enlargement of the halogen size extends the intermolecular distances, which changes the hindering
potential of the methyl groups [2]. Accordingly the rotational dynamics of the methyl groups of
THMs can be controlled by changing the size of neighboring halogens.

In this context, it seems interesting to investigate the deuteration effects on the methyl groups
surrounded by various sizes of halogens. In this study, for the sake of simplicity, deuteration effects
on 2,6-dihalogenotoluenes (26DHTs) were investigated instead of THMs, because 26DHTs have
only one methyl group in a molecule (Fig. 5.1). In this chapter, the results of the heat capacity
measurements as well as IR absorption measurements for 2,6-dichlorotoluene (26DCT) and its
methyl deuterated analogs are described. The crystal structure of 26DCT has not been clarified yet,
while the tunnel splitting has been reported to be 1.56 peV [4] which is actually signficantly smaller
than that of THMs.
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tribromomesitylene (TBM)
Fig. 5.1 Molecular structures of trihalogenomesitylenes (THMs) and 2,6-dihalogenotoluenes
(26DHTs).

TCM: 43 92 13.1peV atl5K
TBM: 14.1 25.1 48.8peV at4.0K
TIM: 144 267 87.4peV atl.5K

Fig. 5.2 (Left) Inelastic peaks of tunnel

excitations observed by INS measurements for

tribromomesitylene (TBM) at 4K and 18 K.
(Right) Tunnel frequencies of three methyl
groups for trichloromesitylene (TCM), TBM

-olos 0 0.05  mev ang triiodomesitylene (TIM) [1].
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5.2 Experimental

5.2.1 Samples

The 26DCT (CsH3Cl1,-CH3) (> 99%) was purchased from Tokyo Chemical Industry and distilled
before the measurements. The three methyl-deuterated compounds were synthesized at Laboratory
for Biomolecular Chemistry in Osaka University. The chemical purities of the four samples were
determined using the fractional melting method (Section 3.2.1), which were 99.48% for
C¢H3Cl,-CH3, 99.71% for C¢H;Cl,-CH,D, 98.70% for CsH;Cl,-CHD, and 99.12% for C¢H3Cl,-CDs,

respectively. The deuteration degrees were determined by 'H NMR measurement, which were 96%D
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for C¢H3Cl,-CH,D, 104%D for C¢H3;CL-CHD, and 98%D for C¢H3Cl,-CDs, respectively. "H NMR
(500 HMz, CDCls) 6 7.25 (2H at the meta positions of 2,6-dichlorobenzene), 7.03 (1H at the para
position of 2,6-dichlorobenzene), 2.43 (protons of the methyl groups). The deuteration degrees were
estimated by taking the ratio of the peak integrals at 6 7.03 and & 2.43.

5.2.2 Heat Capacity Measurement

The heat capacity measurements were made between 5 K and 300 K by adiabatic calorimetry,
and between 0.35 K and 20 K by relaxation calorimetry. The amounts of samples used for the
adiabatic calorimetry were 0.70917 g (4.4040 mmol), 0.74630 g (4.6058 mmol), 0.90024 g (5.5216
mmol) and 0.35358 g (2.1554 mmol) for C¢H;Cl,-CH;, CsH3Cl,-CH,D, C¢H;Cl,-CHD, and
CeH;Cl,-CDs, respectively, after buoyancy correction.

The amounts of the sample used for the relaxation calorimetry were 0.999 mg (6.20 umol), 0.991
mg (6.11 pmol), 0.745 mg (4.57 pmol) and 1.036 mg (6.31 umol) for CsH3Cl,-CHj, C¢H3Cl,-CH,D,
CsH3Cl,-CHD; and C¢H;3Cl,-CD;, respectively. The copper liquid sample cells (Section 3.1.5 Case
2) were used. The sample amounts used for the relaxation calorimetry were determined referring the

heat capacities of adiabatic calorimetry.

5.2.3 IR Measurement

Infrared absorption measurements were made for four 26DCTs (C¢H3Cl,-CH3, C¢H3CL-CH,D,
CsH3Cl,-CHD; and C¢H3ClL-CDs) between 6 K and 100 K in the spectral range from 400 cm! to
4000 cm™. Two pieces of KBr single crystals were used as a sample holder, between which a drop of
sample was sandwiched. After loading the sample into the cryostat, it was first cooled rapidly (~
-100 K min™") down to 200 K and then held at 250 K for 40 min to obtain the homogeneous

crystalline phase.
5.2.4 DFT Calculation

In order to analyze the results of IR absorption measurements, quantum mechanical DFT
computations were also made using the B3LYP method with 6-31G(d) basis set for all atoms. The
calculations were carried out on single molecule of four 26DCTs (Cs¢H3Cl-CHs, C¢H;3Cl,-CH,D,
CsH3Cl,-CHD, and C¢H3Cl-CDs). At first the molecular geometries were optimized and then the

vibrational frequencies as well as their relative intensities in IR absorptions spectra were calculated.
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5.3 Results and Discussion

5.3.1 Heat Capacities

Fig. 5.3 shows the heat capacities of four 26DCTs (C¢H3;Cl,-CH3, C¢H;Cl,-CH;D,
C¢H;3Cl,-CHD;, and C¢H;3Cl,-CDs) over the whole temperature range. All the four compounds do not
show any phase transitions. The small peak for C4H5CL,-CHj3, just below the fusion temperature,
may be due to the eutectic mixtures. The fusion enthalpies and entropies determined are listed in
Table 5.1.

At lower temperatures a broad anomaly was found for C¢H;Cl,-CH,D and C¢H;Cl,-CHD, (Fig.
5.4). The excess contributions were calculated by subtracting the base heat capacities which were
estimated by scaling the heat capacity of C¢H3;Cl-CHj; against the temperature (Fig. 5.5). The excess
heat capacities are fitted well by Schottky type functions (Section 3.2.3) with an energy scheme

involving three levels with equivalent degeneracy, i.e. g1/go = £»/g0 = 1,

d [el exp(—¢, / kT) + &, exp(—¢, /kBT)} 5.1)

Csenm (81,8) = N—
dT'\  exp(—g,/k;T)+exp(—¢g,/k;T)

where N is the Avogadro number, &g is the Boltzmann constant, & is the spacing between the ground
and first excited level, & is that between ground and second excited level. The fitted functions are
shown in Fig. 5.5 by solid curves, where & = 267 peV and & = 2950 peV for C¢H;Cl,-CH,D and &
= 2400 peV and & = 2700 peV for C¢H;ClL-CHD,, respectively. The excess entropies were
calculated from the excess heat capacities, which are close to R In 3 = 9.13 J K™ mol™ (Fig. 5.6).
This is the quantity expected from the classical statistics, which derives from the different rotational
symmetry number of the methyl groups; o= 3 for -CH; and -CD3, and o= 1 for -CH,D and -CHD,
(Section 2.5).

As mentioned in Section 2.5, the symmetry number in the classical statistics corresponds to the
symmetry restriction of the wave functions in the quantum mechanics. In the case of the rotational
state of non-deuterated methyl groups, the symmetry number of &= 3 corresponds to the transition
between 4 and E states, which is allowed only when the nuclear spins convert. As a matter of course,
the nuclear spin conversion is not considered in the classical statistics, so that the 4 <> E transitions
are “forbidden”. In the case of partially deuterated methyl groups, the 4 < E transitions occur
without changing the nuclear spin states. In other words, the 4 <> E transitions become “allowed” by
the partial deuteration, which corresponds to the symmetry number of o= 1. The “allowed” 4 & E
transitions may correspond to the excitations among the three levels observed in heat capacity for
CH3C1L-CH,D or C¢H3Cl,-CHD:,. It is interesting that the spacing between the levels of -CH,D or
-CHD; (of the order of several meV) are much greater than that of the tunnel splitting of -CH; (1.56
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peV). Since the extent of overlapping of the wave functions never increases with mass, the large
energy difference among the levels for -CH,D or -CHD, cannot be attributed to the tunnel splitting.
Usually deuterium substitution dramatically decreases the extent of proton tunneling, so the ground
torsional states of deuterated methyl groups can be regarded as localized wave functions, i.e. the
pocket states. As mentioned in the theoretical chapter, the localization of the wave function is
accompanied by the appearance of “orientation” in the classical regime. The three energy levels,
obtained from the heat capacity measurement, are thus most likely to be the ground torsional levels
of the methyl groups at the three different orientations. In this sense, the excess heat capacities are
due to the orientational ordering of the methyl groups, which is the ordering of non-cooperative type
showing a remarkable contrast to that of lithium acetate dihydrate (LiAc) and 4-methylpyridine
(4MP). There still remains an important question to answer what kind of factor provides such a huge
energy difference among the methyl groups with different orientations, which is the main subject of
this thesis hereafter.

Incidentally the excess heat capacity of CsH;Cl,-CHD, deviates from the Schottky function
below c.a. 2 K (Fig. 5.5 inset), which seems proportional to temperature. This indicates that
CsH3Cl,-CHD; has additional low frequency modes distributing continuously. The microscopic

origin of these excitations is not clarified yet.

Table 5.1 Thermodynamic quantities associated with fusion of 2,6-dichlorotoluene and its
methyl-deuterated analogs. The last column shows the purity of the samples determined by

fractional melting method.

s AgsH AqsS purity
Compound
K kJ mol™ JK mol™ %
CsH5Cl1,-CH; 275.82 13.06 47.81 99.48
C¢H;Cl1,-CH,D 275.48 12.94 47.32 99.71
C¢HsCl,-CHD, 275.22 12.76 47.03 98.70
C¢H3Cl1,-CDs 275.08 12.98 47.78 99.12
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Fig. 5.3 Molar heat capacity of 2,6-dichlorotoluene and its methyl-deuterated analogs. The
ordinate is for C4H3Cl,-CHs3. The results for other three compounds are successively shifted

upward by 10 J K™ mol ™.
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Fig. 5.5 Excess heat capacity of C¢H3Cl,-CH,D and C¢H3Cl,-CHD,. The inset shows the double
logarithmic plot. The solid curves show the Schottky functions with three levels spaced from the

ground level by 267 peV and 2950 peV for C¢H;ClL-CH,D and 2400 peV and 2700 peV for
CeH;Cl,-CHD,.
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Fig. 5.6 Excess entropy of CH;Cl,-CH,D and C¢H3Cl,-CHD,.
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5.3.2 IR Spectra

The three levels obtained from the low temperature heat capacities of CsH;Cl,-CH,D and
CsH;Cl,-CHD; seem to be the ground torsional states of the partially deuterated methyl groups in
different orientations. In order to confirm this interpretation, some other experimental evidences
were required. The most straightforward way conceivable is the direct observation of the excitations
between those levels by INS measurement. However, as mentioned above, the overlapping of the
wave functions in the pocket states of -CH,D or -CHD, seems negligibly small for 26DCT, so that
the cross section of INS is also expected to be very small. In this study, instead of the direct
observation of the excitations between the ground torsional levels, the occupancies of these levels
were investigated through the temperature variation of the infrared absorption peaks for C-H (C-D)
stretching modes.

The IR spectrum for C¢H;Cl,-CHj3 in liquid phase has already been investigated by Green et al
[5]. According to them, the spectrum above 2000 cm™ is relatively simple; there are two C-H
stretching modes of benzene ring at 3075 cm™' and 3063 cm ™', three C-H stretching modes of methyl
groups (v(CH3) at 2927 cm™! (non-degenerated) and v,4(CHs3) at 2950 cm™ (doubly degenerated)),
and weak overtones of bending modes of methyl groups (26(CH3) and 26,,(CH3) at 2859 cm™' and
2740 cm™’, respectively).

Fig. 5.7 shows the IR spectra of four compounds in two ranges of frequency ((a) 2100 — 2280
cm™’ and (b) 2830 — 3020 cm™") at 6 K. The discussion here is limited to above 2100 cm since the
structure of spectra is rather complicated at the lower frequencies. For C¢H3Cl,-CHa, the four peaks
in Fig. 5.7(b) correspond to those observed in the liquid phase, that is v(CHz) at 2957 cm™,
v,s(CH3) at 3001 cm™ and 2971 em™, 28(CH;) at 2915 cm™! (weak) and 28,((CHs) and 2894 cm™.
The last two overtones are evidenced by the observation of their fundamental tones of &CHj)
around 1450 cm™. It should be noted that all the peaks presented in the figure are related to the
motion of methyl groups. When the methyl groups are partially or fully deuterated, those frequencies
are significantly lowered, which is a well known isotope effect in the IR spectra and often used for
the mode assignment [6]. For C¢H;Cl,-CH,D, the number of peaks at 2830 — 3020 cm’! (Fig. 5.7(b))
is less than that of C¢H3Cl,-CH;, while a double peak appears at 2210 cm™! (Fig. 5.7(a)). For
CsH3C1,-CHD,, there is only one peak left at the higher frequency range (Fig. 5.6(b)) while many
peaks are observed below 2250 cm™' (Fig. 5.7(a)). For CsH3Cl,-CDs;, all the peaks in Fig. 5.7(b)
disappear. The spectrum of C¢H;Cl,-CD; in Fig. 5.7(a) is analogous to that of C¢H3Cl,-CHj3 in Fig.
5.7(b). For all compounds, there are two more peaks at 3082 cm™' and 3066 cm™ corresponding to
the C-H stretching modes of benzene ring, which is not shown in Fig. 5.7.

Fig. 5.8 shows the IR spectra of 26DCT and its methyl deuterated analogs obtained by the DFT

calculation for single molecule. Since only the normal modes are given, five peaks are visible; the
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two peaks at the highest frequency correspond to the C-H stretching of the benzene ring and the
other three peaks are the C-H or C-D stretching modes of methyl groups. Compared to the
experimental spectra (Fig. 5.7), the absolute values of the frequencies are systematically shifted
upward. However the qualitative feature of the experimental and calculated spectra is in good
agreement with each other.

The main focus here is on the temperature variation of the spectrum intensities. Fig. 5.9 shows
the temperature evolution of the IR spectra for CsH;Cl,-CH,D at 2100 — 2250 em’L It is clearly
visible that four peaks change in intensity with temperature. The two peaks at 2140 cm™ and 2190
cm™’ diminish with decreasing temperature, while the double peak at 2210 cm™’ becomes stronger.
The intensity of each peak was integrated and scaled with arbitral factor (Fig. 5.10). The scaled
intensities agree quite well with the occupancy curve of three energy levels obtained from the heat
capacity measurement. The similar tendencies are also observed for the other peaks associated with
methyl groups. These results can be interpreted in such a way that the different stretching peaks
correspond to the different orientations of the methyl groups, and the intensities of the peaks change
with decreasing temperature due to their orientational ordering. It is interesting to note that two
peaks observed at 2140 cm™ and 2190 cm™ correspond to the highest energy level (Fig. 5.10). There
may be two or more number of non-equivalent methyl groups in the crystal.

The angle dependence of the vibrational frequency is mainly due to the variation of the normal
modes with the internal angle ¢, i.e. the variation of the diagonal elements in the matrix of molecular
motion. If the normal modes of intramolecular vibrations depend little on the intermolecular
interactions, quantum mechanical calculations for the single molecule qualitatively provide an
insight into the angle dependence of the normal modes. Fig. 5.11 shows the angle (&) dependence of
the frequencies of the C-D stretching mode for -CH,D obtained by DFT calculation. The calculation
was carried out using the same computational setup described before. Since 2,6-dichlorobenzene is
two-fold symmetric to the rotational axis of C-C bond, it is enough to investigate the angle
dependence from a = 0 to /3 (= 60°) for three orientations. The orientation that D or H atom is on
the same plane of the frame is taken to be zero degree. Comparing these computational results with
the experimental spectra, the orientations of the methyl groups can be derived.

As shown in Fig. 5.9, the absorption bands of the lowest energy level (2212 cm™") and that of the
middle level (2208 cm™) are similar in frequency, while the band frequency of the highest level
(2140 cm™ or 2190 cm™) is significantly lower than the other two levels. In short, two orientations
have similar frequency in C-D stretching mode and the other orientation has lower frequency.
Considering simply the relative position of the peaks, the experimental spectra correspond to the
situation of & = 30° in Fig. 5.11, where one of the hydrogen atom points out almost perpendicularly
from the molecular plane.

Interestingly the molecular configuration of 26DCT optimized by the DFT calculation for single
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molecule is that one proton of the methyl group is on the molecular plane. The results of the
calculation are the same for the deuterated 26DCTs because the nuclear mass has nothing to do with
the atomic interactions. The different results between the experiment and calculation may be due to
the intermolecular interactions, that is, the orientation of the methyl groups may be twisted by the
intermolecular interaction in the crystal.

Fig. 5.12 shows the temperature evolution of the IR spectra for CsH;Cl,-CHD, at 2890 — 3000
cm”’. The two peaks at 2970 cm™ and 2977 cm™ get weaker with decreasing temperature, while the
peak at 2910 cm™ gets stronger. The peak intensities are integrated and scaled with an arbitral factor
(Fig. 5.13). The scaled intensities of first two peaks (2970 cm™' and 2977 cm™) agree quite well with
the occupancies of the two upper levels obtained from the heat capacity measurement. The intensity
of the peak at 2910 cm™, however, cannot be scaled to either occupancy curves. This may be
because the peak consists of more than two components. The dashed curve in Fig. 5.13 shows the
occupancy of the lowest energy level plus that of the highest level multiplied by 0.65, which fits well
to the scaled intensity of the peak at 2910 cm™ at low temperatures. If one considers that the main
component of the peak at 2910 cm™' corresponds to the lowest energy level and the other two peaks
corresponds to the higher two energy levels, then it is possible to carry out the same discussion to
that of C¢H;Cl,-CH,D. Fig. 5.14 shows the frequency of C-D stretching mode in -CH,D depending
on the orientation of the methyl groups obtained from the quantum calculation of single molecule.
Following the same logic applied to C¢H3Cl,-CH,D, the most stable orientation was determined to
be that one proton is pointing out almost perpendicularly from the plane of dichlorobenzene frame.

This result is in good agreement with that of C¢H3Cl,-CH,D.
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Fig. 5.7 Infrared absorption spectra obtained at 6 K for 2,6-dichlorotoluene and its
methyl-deuterated analogs; (a) from 2100 cm™' t0 2280 cm ™, (b) from 2830 cm ™" to 3020 cm ™.
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Fig. 5.8 Infrared absorption spectra obtained by DFT calculation for 2,6-dichlorotoluene and its

methyl-deuterated analogs.
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Fig. 5.9 Temperature evolution of the IR spectra for C¢H;Cl,-CH,D at 2100 — 2250 em ™.
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Fig. 5.10 Temperature dependence of the scaled intensity of four peaks connected with C-D
stretching mode of -CH,D obtained for C4H;Cl,-CH,D (see Fig.5.9), which are consistent with

the occupancy for the three-level energy scheme obtained from the Schottky heat capacity (solid

curves).
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rotational angle « obtained by DFT calculation for single molecule. The pictures above the figure
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Fig. 5.12 Temperature evolution of the IR spectra for C4H:Cl,-CHD, at 2890 — 3000 cm ™.
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Fig. 5.13 Temperature dependence of the scaled intensity of three peaks obtained for
C¢H3CL-CHD, (see Fig. 5.12). The data of 2970 cm™' and 2977 cm™ agree well with the
occupancy for the three-level energy scheme obtained from the Schottky heat capacity (solid
curves). The dashed curve shows the occupancy of the lowest energy level plus that of the

highest level factored by 0.65, which fits well to the scaled intensity of the peak at 2910 cm™.
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5.4 Summary

Heat capacity measurements were made for 2,6-dichlorotoluene (C¢H3Cl,-CHs3) and its
methyl-deuterated analogs, C¢H3Cl,-CH,D, C¢H3Cl,-CHD,, C¢H3Cl-CD3, between 0.35 K and 300
K by adiabatic calorimetry and relaxation calorimetry. A Schottky type anomaly was found for the
two partially deuterated analogs, C¢H3;Cl,-CH,D and C¢H3Cl,-CHD;, below 40 K. It is explained by
an energy scheme involving three levels, gi/gy = g»/go = 1. The spacing from the ground state is
267 peV and 2950 peV for CsH3Cl-CH,D and 2400 peV and 2700 peV for C¢HiCl,-CHD,,
respectively. The excess entropy amounts to R In 3 (= 9.13 J K™' mol™") which is due to the
symmetry breaking of methyl group by partial deuteration.

Infrared absorption measurements were also made between 6 K and 100 K in the range from
400 cm™! to 4000 cm™* for the four compounds (CsH3Cl,-CHj, C¢H3Cl,-CH,D, CsH;Cl,-CHD, and
CsH3C1-CD3). For CsH3Cl,-CH,D, four peaks associated with stretching modes of -CH,D were
detected in the range from 2100 ¢cm™ to 2250 cm™. The two peaks at 2140 cm™ and 2190 ¢cm™
diminish with decreasing temperature, while the other two peaks around 2210 cm™' become stronger.
For CsH3Cl,-CHD,, three peaks were detected in the range from 2890 cm™! to 3000 cm‘l, which
were associated with stretching modes of -CHD,. The two peaks at 2970 ¢cm™' and 2977 cm™
diminish with decreasing temperature, while the other peaks at 2910 cm™ become stronger. For bith
compounds, the temperature dependences of the intensities of those peaks were explained
successfully by the three-level energy scheme obtained from the Schottky heat capacity.

The angle dependence of the absorption frequency was estimated from the DFT calculation of the
single molecule. Comparing the experimental IR spectra with the calculated frequencies, possible
orientations of the methyl groups were determined. According to this result, the partially deuterated
methyl groups are oriented in the crystal so that all the hydrogen atoms are pointing out of the
molecular plane. For CsH3Cl,-CH,D, the most stable orientation is that one of the two protons is
pointing almost perpendicular from the molecular plane. For C4HiCl,-CHD,, the most stable
orientation is that one of the two deuterons is pointing almost perpendicular from the molecular
plane.

According to the quantum mechanical calculation for the single molecule of 26DCT, the most
stable orientation is that one of the hydrogen atoms is in the molecular plane. The results obtained in
the present study strongly indicate that the orientation of the methyl groups is twisted by the

intermolecular interactions in crystal.
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Chapter 6

Orientational Ordering of Partially Deuterated Methyl Groups in Solid
2,6-Dibromotoluene

6.1 Introduction

As mentioned in the Introduction in Chapter 5, the halogen size effect on the rotational dynamics
of the methyl groups for trihalogenomesitylenes (THMs) is interesting because the bulky halogen
atoms control the rotational potential of the methyl groups [1-3]. Similar effect is expected for
2,6-dihalogenotoluenes (26DHTs). After the important discoveries for 2,6-dichlorotoluene (26DCT)
that the orientation of the partially deuterated methyl groups are ordered at low temperature in a
non-cooperative manner, the deuteration effect on the methyl groups for 2,6-dibromotoluene
(26DBT) was investigated. In this chapter, the results of heat capacity measurements as well as IR
absorption measurements for 26DBT and its methyl-deuterated analogs are described.

Since bromine (Br) is larger in size than chlorine (Cl), several effects of halogen substitution can
be expected for the rotational dynamics of methyl groups. In view of the intramolecular interactions,
the methyl rotation seems to be more hindered by bromine substitution, simply because of the
greater exclusive volume of the halogens. The effect to the intermolecular interaction, on the other
hand, is not straightforward. If the basic crystal structure does not change with halogen substitution,
the enlargement of the halogen size may extend the intermolecular distance, which eventually
reduces the rotational potential of the methyl groups. If the crystal structure dramatically changes
with halogen substitution, the surroundings of the methyl groups may also change drastically, so that
the effect to the rotational dynamics is not certain.

The crystal structure of 26DBT has not been clarified. The tunnel excitation of the protonated
26DBT is reported to be 4.0 peV at 43 K [4], which is slightly larger than 26DCT, indicating that the

larger size of halogen may lower the hindering barrier of the rotor.
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6.2 Experimental
6.2.1 Samples

The four 26DBTs (C¢HsBr,-CH;, CsHsBr,-CH;D, CgH3Br,-CHD, and C¢H;Br,-CDj;) were
synthesized at Laboratory for Biomolecular Chemistry in Osaka University. The deuteration degrees
were examined by NMR measurement, which were 98%D for CgH;Br,-CH,D, 98%D for
C¢H3Br,-CHD; and 100%D for C¢H3;Br,-CDs, respectively. 'H NMR (500 HMz, CDCl3) & 7.48 (2H
at the meta positions of 2,6-dibrmobenzene), 6.88 (1H at the para position of 2,6-dibromobenzene),
2.55 (protons of the methyl groups). The deuteration degrees were estimated by taking the ratio of
the peak integrals at 6 6.88 and & 2.55. The chemical purities of the four samples were determined
using the fractional melting method (Section 3.2.1), which were 97.14% for C¢H3Br,-CH3, 95.70%
for C¢H3Br,-CH;D, 97.71% for C¢gH3Br,-CHD, and 95.91% for C¢H3Br,-CDjs respectively. Although
the purities were not high enough, no further purification was made because of the limited sample
amount. On determining the chemical purities, the 1/f plots were not straight line, so the
Mastrngelo’s equation (Eq. (3.14)) was applied involving the adjustable parameter «. The purities
and the values of parameter « are listed in Table 6.1. In addition to these samples, another purer
sample of C¢H3Br,-CH,D was also prepared, which was, however, limited in amount (< 0.3 g), so
the adiabatic calorimetry was not carried out on it. The deuteration degree and the chemical purity of

this sample were 98%D and 98%, respectively, determined by NMR measurement.

6.2.2 Heat Capacity Measurement

Heat capacity measurements were made by adiabatic calorimetry between 5 K and 300 K and
relaxation calorimetry between 0.35 K and 40 K. The amounts of samples used for the adiabatic
calorimetry were 0.6742995 g (2.697978 mmol), 0.705967 g (2.81334 mmol), 0.53502 g (2.1123
mmol) and 1.01082 g (3.9961 mmol) for C¢H;Br,-CH;, C¢H;Br,-CH,D, C¢H;Br,-CHD, and
C¢H3Br,-CD;, respectively, after buoyancy correction.

The amounts of the samples used for the relaxation calorimetry were 0.934 mg (3.74 umol), 0.71
mg (2.83 pmol), 1.08 mg (4.29 umol) and 0.838 mg (3.31 pmol) for C¢H3Br,-CH3, C¢H3Br,-CH,D,
CeH;Br,-CHD; and C¢H;Br,-CDs, respectively. The copper liquid sample cells (Section 3.1.5, Case
2) were used. The sample amounts were determined referring the heat capacities of adiabatic
calorimetry. The sample amount of purer C¢H3;Br,-CH,D was 0.805 mg (3.21 pumol), which was
determined by referring the heat capacity value of less purer sample at 40 K where the impurity
presumably does not affect the absolute value of the heat capacity.

The heat capacity data of C¢H3Br,-CH,D in this chapter are those of less pure sample unless
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otherwise noted. As a matter of fact, the impurity does not significantly alter the low temperature

heat capacities, which will be shown later.
6.2.3 IR Measurement

Infrared absorption measurements were made between 6 K and 100 K in the range from 400 cm™
to 4000 cm™'. Two pieces of KBr single crystals were used as a sample holder. After loading the
sample into the cryostat, it was first cooled rapidly (~ —100 K min™") down to 200 K and then held at
250 K for 40 min to obtain the homogeneous stable crystalline phase. For C¢H;Br,-CH,D, only the

purer sample was measured.
6.2.4 DFT Calculation

In order to support the interpretation of the IR spectra, quantum mechanical DFT computations
were also made using the B3LYP method with 6-31G(d) basis set for all atoms. The calculations
were made on single molecule of four 26DBTs. At first the molecular geometries were optimized
and then the vibrational frequencies as well as their relative intensities in IR absorptions spectra

were calculated.

6.3 Results and Discussion
6.3.1 Heat Capacities

All the four 26DBTs do not undérgo phase transitions, but several small exothermic behaviors as
well as a small hump in heat capacity were detected above 150 K. Fig. 6.1 shows the (a) heat
capacities and (b) temperature drift rates of C¢H3;Br,-CDj; above 100 K as a representative example.
The sample rapidly cooled down (~ —7 K min™") from the room temperature shows small exothermic
behaviors at 200 K and 234 K, while the sample annealed at 234 K for 4.5 h shows no such
anomalies. The negative values of the drift rate around 280 K is due to the fusion. Heat capacities of
two (rapidly cooled and annealed) phases are similar, both showing a small hump at 160 K even
though no anomalous behavior is observed in the drift rate at this temperature. These behaviors are
common for all the four samples. Although the exothermic behavior must be associated with some
stabilization (from a metastable to a stable state), heat capacities of two states are similar at low
temperatures. The rapidly cooled sample may contain very small portion of the metastable phase

which stabilized at 234 K. In this chapter, heat capacity of the annealed phase is only described

76



unless otherwise noted. The origin of the hump in heat capacity at 160 K is not clarified yet. Since
the drift rate at this temperature looks natural, it can not be attributed to a glass transition. It may be
due to some motion of impurities. The thermodynamic quantities associated with the fusion are
listed in Table 6.1.

At low temperatures a broad anomaly was found for C¢H3;Br,-CH,D and CeH3;Br,-CHD,
(Fig. 6.2) as it was for the partially methyl-deuterated 26DCTs. Fig. 6.3 and Fig. 6.4 show the excess
contributions in heat capacity and entropy respectively. On estimating the lattice heat capacities of
these two compounds, the simple scaling of the heat capacity of C¢H;Br,-CH3 against temperature
was not successful unlike in the case of 26DCT, which may be because the significant contribution
of the intramolecular vibrations to the total heat capacity cannot be scaled by the same factor of
phonon heat capacities. Alternatively, the intramolecular contributions were subtracted first from the
total heat capacity and then the temperature scaling was carried out. The heat capacities of
intramolecular vibration were estimated by Einstein model using the frequencies obtained by the
quantum mechanical computation. The excess entropies of both compounds (Fig. 6.4) are close to
R In 3 indicating that the excess contribution is due to the orientational ordering of the methyl groups.
The excess heat capacity of C¢H3Br,-CH,D is fitted well by a Schottky-type function with three
levels (Fig. 6.3). The levels are spaced from the ground level by 1200 peV and 1700 peV. For
Cg¢H3Br,-CHD,, on the other hand, the fitting by a Schottky function with three levels is not quite,
where the experimental curve is significantly broader than that of the Schottky model. Fig. 6.3 shows
the result of the best fit, in which the energy levels are spaced by 240 peV and 1700 peV. The
broadening behavior indicates some distribution in energy levels. It is likely that there are many
kinds of potentials hindering the rotation of the methyl groups, which is possible if the orientation of
the whole molecule is disordered. However no evidence of glass transition due to the freezing of the
orientational ordering has been found yet.

It is important to note that the energy spacing between the highest and the lowest levels are
almost the same for C¢H3;Br,-CH,D and C¢H3Br,-CHDs. In addition, the spacing between the middle
and the lowest level for CgH3;Br,-CH,D is almost equal to the spacing between the middle and the
highest levels for C¢H3;Br,-CHD,. In other word, the energy scheme of C¢H;Br,-CH,D is similar to
the inversed scheme of C¢H;Br,-CHD,. This relation was also found for 26DCTs, which may be a
universal feature of partially deuterated methyl groups.

The remarkable difference between the results of 26DCT and 26DBT for the same -CH,D
(-CHD,) compound is the ratio of energy spacing. For example, the two higher energy levels of
C¢H3Cl,-CH,D are close to each other while the two lower levels are close for CgH;Br,-CH,D. It
means that the methyl groups in two systems are located in the different potential fields presumably
because of the different crystal structures and/or different orientations of the methyl groups.

The inset of Fig. 6.3 shows the excess heat capacities in a double logarithmic plot. The excess
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heat capacity of C4H3;Br,-CH,D deviates from the Schottky function below 2 K, which is similar to
the results of C¢H;Cl,-CHD,.

Effect of impurities to the excess heat capacity was also investigated for C¢H;Br,-CH,D using
two samples with different purities, 95.7% and 98% (see Table 6.1). Fig. 6.5 shows the low
temperature heat capacities of two samples, in which the two heat capacities do not differ
significantly. The purer one has slightly larger heat capacity than the impure sample, which may be
due to the difference in the lattice heat capacity. The shape of excess heat capacity depends little on

the impurity.
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Fig. 6.1 (a) Molar heat capacities and (b) temperature drift rates of CsH3Br,-CD3 above 100 K.
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Table 6.1 Thermodynamic quantities associated with fusion of 2,6-dibromotoluene and its

methyl-deuterated analogs.

deuteration purity Thus AssH AV
Sample : : ; o
%D % K kJ mol™ JK mol”

C¢H3Br,-CHj - 97.14 286.94 1427 50.37 0.06
C¢H3Br,-CH,D 98 95.7 286.67 14.71 52.53 0.05
CgH3Br,-CHD, 98 07 71 286.99 14.88 52.42 0.05
CsH3Br-CD3 100 95.91 286.63 14.39 51,13 0.09
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Fig. 6.2 Molar heat capacity of 2,6-dibromotoluene and its methyl-deuterated analogs below

20 K.
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Fig. 6.3 Excess heat capacity of C¢H3;Br,-CH,D and C¢H3Br,-CHD,. The inset shows the double
logarithmic plot. The solid curves show the Schottky functions with three levels spaced from the
ground level by 1200 peV and 1700 peV for C¢H;Br,-CH,D and 240 peV and 1700 peV for
CeH3Br,-CHD,, respectively.
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Fig. 6.4 Excess entropies of C¢H3Br,-CH,D and C4H3Br,-CHD,.
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Fig. 6.5 Low temperature heat capacities of C¢H;Br,-CH,D with different sample purities.
6.3.2 IR Measurement

The structures of IR spectra of 26DBTs are quite similar to those of 26DCTs because of their
similarity in molecular structure. Fig. 6.6 shows the IR spectra of four compounds in two spectral
ranges: (a) between 2100 em' and 2270 cm™' and (b) between 2880 cm™' and 3025 cm ™. There are
three more peaks above 3025 cm ™' corresponding to the C-H stretching of the benzene ring, which is
not shown in the Fig. 6.6. As in the case of 26DCTs, the peaks in Fig. 6.6 correspond to the C-H or
C-D stretching modes of methyl groups, however the peak structures are rather complex. With the
successive deuteration of the methyl groups, the number of peaks in the higher frequency range
decreases (Fig.6.6 (b)) while that in the lower frequencies increases (Fig. 6.6 (a)).

The temperature dependence of the peak intensities are investigated using the same analytical
procedure applied to 26DCT. Fig. 6.7 shows the temperature evolution of the IR spectra for
C¢H3Br,-CH,D in the spectral range 2160 — 2250 cm . In addition to the two strong peaks at
2212 cm™ and 2224 em™, two weak peaks at 2173 cm™ and 2191 ecm™ also show a remarkable
temperature dependence of the intensity. The scaled intensities are plotted against temperature in
Fig. 6.8, which agree with the occupancies of three energy levels under Boltzmann distribution
spaced by 1200 peV and 1700 peV from the ground level. The spacing was obtained from the
Schottky heat capacity. Similar temperature dependences are also observed for the C-H stretching
peaks at high frequencies (~ 2950 cm_l). Fig. 6.9 shows the temperature dependence of spectra for

C¢H3Br,-CHD, in the spectral range 2900 — 3000 cm'. Intensities of the peaks at 2930 cm’™,
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2945 cm™, 2981 cm™ and 2994 cm™ (very weak) show a strong temperature dependence. Their
scaled intensities are plotted against temperature in Fig. 6.10 where the peak at 2930 cm™ is
decomposed into two parts by curve fitting. It is interesting that all of the five peaks can be scaled on
the occupancy curves of three levels spaced by 240 ueV and 1700 peV from the ground state, even
though this three-level scheme fails to reproduce the excess heat capacity of C¢H;Br,-CHD,
(Fig. 6.3). This unexpectedly good agreement may be because the IR peaks represent the averaged
sum of the vibrational excitations of methyl groups, of which the orientations as well as the energy
levels are centrally-distributed around some position, or because the orientational distribution has
sufficiently small contribution to the peak intensities and vanished by the scaling process.

Fig. 6.11 shows the angle dependence of the frequency of C-D stretching in C¢H3Br,-CH,D
obtained by DFT calculation for single molecule. The result is comparable with that of
CsH3Cl,-CH,D (Fig. 5.10) because of the similarity in molecular structure. The IR spectra in Fig. 6.7
show that the peaks at relatively higher frequencies (at 2212 cm™ and 2224 cm™) become stronger
with decreasing temperature while those at lower frequencies (at 2173 cm™' and 2191 cm™) diminish.
The former peaks correspond to the lowest energy level and the latter peaks to the two higher levels.
Stated another way, the IR peaks at higher frequency correspond to the single lowest level and those
of lower frequency correspond to the two levels with higher energy. Considering only the relative
position of the peaks, the experimental spectra correspond to the situation of & ~ 0 in Fig. 6.11, and
the lowest level corresponds to the orientation that the deuteron is on the plane of
2,6-dibromobenzene. This result shows remarkable contrast to that of 26DCT in which all the
protons and deuterons are pointing out of the molecular plane. Fig. 6.12 shows the angle dependence
of the frequency of C-H stretching mode in C¢H;Br,-CHD; obtained by the DFT calculation. The IR
spectra (Fig. 6.9) show that the peaks at relatively higher frequencies (at 2981 cm™ and 2994 cm™)
become weaker with decreasing temperature while those at lower frequencies (at 2927 cm_l,
2930 cm™' and 2946 cm™') become stronger. This situation corresponds to the rotational angle a ~ 0,

and the lowest level corresponds to the orientation that one of the deuteron is on the molecular plane.
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Fig. 6.6 Infrared absorption spectra obtained at 6 K for 2,6-dibromotoluene and its methyl-
deuterated analogs; (a) from 2100 em™' t0 2270 em™, (b) from 2880 cm ™' t0 3025 em ™.
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Fig. 6.7 Temperature evolution of the IR spectra for C4H3;Br,-CH,D in the spectral range 2160 —
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Fig. 6.11 Frequency of C-D stretching mode in -CH,D for C¢H;Br,-CH,D obtained by DFT

calculation for single molecule. The pictures above the figure show the orientations of the methyl

groups projected parallel to the 2,6-dibromobenzen frame.

85



4
43
AR

al deg.

Fig. 6.12 Frequency of C-H stretching mode in -CHD, for C¢H;Br,-CHD, obtained by DFT

calculation for single molecule. The pictures above the figure show the orientations of the

methyl groups projected parallel to the 2,6-dibromobenzen frame.

6.4 Summary

Heat capacity measurements were made for 2,6-dibromotoluene (CsH3Br,-CH3) and its
methyl-deuterated analogs (CsH3Br,-CH;D, C¢H3Br,-CHD, and C¢H3Br,-CD3) between 0.35 K and
300 K by adiabatic calorimetry and relaxation calorimetry. A Schottky type anomaly was found for
C¢H3Br,-CH,D and CsH;Br,-CHD;, below 40 K. The excess heat capacity of C¢H3Br,-CH,D was
explained by an energy scheme involving three levels, g1/gy = g2/go = 1, spaced by 1200 peV and
1700 peV from the ground level. The excess heat capacity of C¢H3;Br,-CHD,, on the other hand, was
broader than the Schottky function, indicating some distribution in the energy levels. The best results
of the Schottky model fitting gave the energy scheme of three levels spaced by 240 peV and 1700
pneV from the ground level. The energy schemes of C¢H;Br,-CH,D and C¢H;Br,-CHD;, are in the
inverse relation with each other, which is similar to the results of 26DCT. The excess entropies for
both compounds are close to R In 3 (= 9.13 J K™ mol™"), showing that the orientational ordering of
the rotor completes at the lowest temperature of the measurement.

Infrared absorption measurements were also made between 6 K and 100 K in the spectral range

from 400 cm™ to 4000 cm™. The peaks connected with C-H or C-D stretching modes of -CH,D and
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-CHD; show a strong temperature dependence of their intensities. The scaled intensities agree well
with the occupancy of three levels obtained from the excess heat capacities.

In order to understand the different frequencies of the C-H or C-D stretching modes depending
on the rotational angle, DFT calculations for single molecule of C¢H;Br,-CH,D and C¢H;Br,-CHD,
were also carried out. The results of the calculation qualitatively reproduced the spectra observed by
the experiment. In addition, the possible angle of rotation was derived by comparing the
experimental and calculated results. According to that, the partially deuterated methyl groups of
26DBT are oriented in crystal in a way that one hydrogen atoms is placed (almost) on the molecular
plane. This result shows a remarkable contrast to that of 26DCT, indicating that the different size of

halogens control the orientations of the methyl groups.
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Chapter 7

Orientational Ordering of Partially Deuterated Methyl Groups in Solid
Toluene

7.1 Introduction

The investigations for 2,6-dihalogenotoluenes (26DHTs) revealed that the partially deuterated
methyl groups undergo orientational ordering in a non-cooperative way at low temperature in solid.
In addition, through this ordering process, the most stable orientations of the rotors were also
estimated. According to these investigations, the halogens in 26DHT seem to play an important role
in controlling the intermolecular distances, hence the orientations of the methyl groups. For further
investigation, toluene was chosen.

The solid state of toluene has been extensively studied before. Toluene has two crystalline
phases: the stable crystal called a.-phase and the metastable crystal called B-phase. The melting point
of the a-phase is reported to be 178.15 K [1]. The crystal structure of o-phase was first determined
by X-ray diffraction measurement [2] and later it was refined by neutron diffraction experiment on
C¢DsCDs [3.4]. According to them, the a-phase has space group P21/c, Z= 8, a = 0.74724 nm, b =
0.57882 nm, ¢ = 2.70798 nm, B = 107.65° with unit cell volume of 1.11612 nm® and there are two
inequivalent methyl groups (Fig. 7.1(a)). Both two methyl groups are oriented so that all the
hydrogen atoms are out of the benzene plane (Fig. 7.1(b)). The rotational tunneling of methyl groups
in the a-phase was observed at 26 peV and 28.5 peV, corresponding to the two inequivalent methyl
groups by inelastic neutron scattering (INS) measurement [5]. The crystal structure of the B-phase
was investigated by X-ray diffraction [6]. The B-phase has space group Pbcn, Z=8, a = 1.385 nm,
b= 1.142 nm, ¢ = 0.739 nm with unit cell volume of 1.169 nm’ and there is only one type of methyl
group. The melting point of the B-phase is reported to be 154 K. In addition to these two crystalline
phases, glass of isotropic liquid is also known. The rotational dynamics of methyl groups in the
liquid glass was investigated by INS, and a distribution in tunnel frequency was detected [7]. The
glass transition was observed by adiabatic calorimetry at 117 K [8]. Fig. 7.2 schematically shows the

phase behavior of toluene. The glass of liquid can be obtained by vapor deposition onto the substrate
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at low temperature. When the sample size is very small (about 1 mm’) the liquid glass can also be
formed by normal cooling (~ —10 K min™") [7]. When the sample is large (a few grams), it is difficult
to obtain the glass of liquid by normal cooling because the (metastable) undercooled liquid is
(kinetically) quite unstable. In order to avoid the stabilization to the crystalline liquid phase, small
amount of benzene is often mixed with toluene, which (kinetically) stabilizes the undercooled phase
[8]. The B-phase is obtained by annealing the undercooled liquid around 120 K. The oa-phase is
formed by annealing the sample at 160 K. Many spectroscopic measurements have been performed
for toluene and its deuterated analogs in the gas phase [8-11], the liquid phase [12] and the solid
phase [13-15].

Despite of a large number of such investigations made in the past, little has been reported on the
low temperature behavior of methyl-partially-deuterated toluene in solid. The aim of the work
described in this chapter was to investigate the thermodynamic properties of methyl-partially-
deuterated toluenes in solid, and to discuss the orientational ordering of the methyl groups

comparing with the results of 26DCT and 26DBT.

(a) (b)

Fig. 7.1 (a) Stereo image of the a-phase of toluene. (b) The orientation of methyl groups of the

independent toluene molecules as projected parallel to their ring plane [2].
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Fig. 7.2 Schematic diagram of Gibbs energy for toluene.

7.2 Experimental

7.2.1 Samples

CsHsCH3, CsHsCH,D (109.5%D) and C¢HsCHD, (104.2%D) were purchased from Wako Pure
Chemical Industries. C¢HsCDs (98%D) was purchased from Cambridge Isotope Laboratories (CIL).
The deuteration degrees were examined by NMR measurement. 'H NMR (500 HMz, CDCl3) & 7.27
(2H at the meta positions of benzene), 7.18 (3H at the ortho and para positions of benzene), 2.37
(protons of the methyl groups). The deuteration degrees were estimated by taking the ratio of the
peak integrals at & 7.18 and & 2.37. The chemical purities were determined using the fractional
melting method (Section 3.2.1) to be 99.9929%, 99.9891%, 99.4984% and 99.9833% for CsHsCHs,
CsHsCH,D, CsHsCHD, and CsHsCDs, respectively. In addition to these four compounds, two ring
deuterated compounds C¢DsCHj3 (99.96%D, Sigma Aldrich) and C¢4DsCDs (99.62%D, Isotec) were
also purchased. The chemical purities were 99.9496% for CsDsCHz and 99.9949% C4DsCDs,

respectively.

7.2.2 Heat Capacity Measurement

The heat capacity measurements were made between 5 K and 200 K by adiabatic calorimetry,
and between 0.35 K and 20 K by relaxation calorimetry. The amounts of samples used for the
adiabatic calorimetry were 1.770974 g (19.22080 mmol), 1.799589 g (19.32038 mmol), 1.898478 g
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(20.16424 mmol), 19.37655 g (20.36374 mmol), 1.84900 g (19.02867 mmol) and 2.057867 g
(20.54011 mmol) for C¢HsCHj3;, C¢HsCH,D, C¢HsCHD,, C¢HsCDs;, C¢DsCH3; and C¢DsCDs;,
respectively, after buoyancy correction.

The amounts of the samples used for the relaxation calorimetry were 0.340 mg (3.69 umol),
0.400 mg (4.29 umol), 0.425 mg (4.51 pumol), 0.360 mg (3.78 umol), 0.355 mg (3.65 pumol) and
0.326 mg (3.25 umol) for C¢HsCH;3, CcHsCH,;D, CsHsCHD,, CsHsCD;, CsDsCH; and C¢DsCDs,
respectively. The copper cell for liquid samples (Section 3.1.5, Case 2) was used. The sample
amounts for the relaxation calorimetry were determined referring to the heat capacities of adiabatic
calorimetry. In addition to this series of measurement, additional measurement with larger sample
size for C¢HsCH,D was also carried out using the aluminum pan (Section 3.1.5, Case 3). The sample
amount was 16.11786 mg (173.041 pumol) which is about forty times more than that in the copper
cell.

With the adiabatic calorimetry, only the a-phase was measured for all compounds, while the
glass of liquid phase as well as the a-phase was measured with the relaxation calorimetry. The
measurement of the B-phase was not carried out, since the homogeneous f-phase could not be

obtained.
7.2.3 IR Measurement

Infrared absorption measurements were made for C¢HsCH;, Ce¢HsCH,D, C¢HsCHD, and
CgHsCD; between 6 K and 100 K in the spectra range from 400 cm™ to 4000 cm™'. KBr single
crystals were used as a sample holder. The sample was first rapidly cooled down (~ — 100 K min ")
to 100 K in order to obtain the glass of liquid. After the measurement of the glass, the sample was

heated up to 160 K and annealed for about 1 hour to obtain the homogeneous a-phase.

7.3 Results and Discussion
7.3.1 Heat Capacities

Fig. 7.3 shows the heat capacities of the a-phase for the whole temperature range. There is no
anomaly at high temperatures except for the fusion at 178 K. The thermodynamic quantities
associated with the fusion are listed in Table 7.1. All the six compounds have similar value of fusion
entropy. At low temperature, C¢HsCH,D and C¢HsCHD, show a broad anomaly in heat capacity
below 20 K (Fig. 7.4), which is of the same type as observed for the partially methyl-deuterated
26DCTs or 26DBTs. The other four compounds (C¢HsCHj;, C¢HsCH,D, CsHsCHD, and C¢HsCDs3)
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do not show such an anomaly in heat capacity, which differ to each other only by the lattice
contribution due to the different molecular mass. The excess heat capacities of CsHsCH,D and
CsHsCHD; were estimated in the following way. First the vibrational heat capacities (38 modes)
were subtracted from the total heat capacities for four compounds (CsHsCHi;, C¢HsCH,D,
CsHsCHD, and C¢HsCD;). The vibrational heat capacities were calculated using Einstein model
(Section 3.2.2). The frequencies of 38 intramolecular modes were obtained from ref. [12] in which
all the modes were assigned by IR and Raman spectroscopy. The heat capacities, after subtracting
the contributions of 38 modes, consist of 7 modes: three translational and three rotational modes of
the whole molecule and one torsional mode of the methyl group. These heat capacities of C¢HsCHa,
and C¢HsCD; were scaled against temperature to finally obtain the base heat capacities of
CeHsCH,D and C¢HsCHD,. Fig. 7.5 and Fig. 7.6 show the excess heat capacity and the excess
entropy of C¢HsCH,D and C¢HsCHD,. It is interesting that the excess entropies of both compounds
are significantly smaller than R In 3. The shape of excess heat capacities also considerably deviates
from the Schottky function. As far as the equilibrium heat capacities are obtained, the deficient
entropy has to be compensated somewhere. Since the entropy of fusion does not differ significantly
with deuteration, and since there is no thermal anomaly at high temperatures, the deficient entropy
must be hidden at low temperatures. One possibility is that the orientational ordering of the methyl
groups freezes below 5 K where the excess heat capacity significantly deviates from the model curve.
If this is the case, some evidence of glass transition could be observed. Since the measurement
around 5 K was performed by relaxation calorimetry, it was not able to check the existence of slow
dynamics typical for glass transitions. As a trial to detect some evidence of glass transition, another
measurement of C¢HsCH,D with larger sample amounts (about forty times more) were also carried
out using aluminum pan. In relaxation calorimetry, the relaxation time constant is proportional to the
total heat capacity. Hence the time constant is long for the large size of sample. In general, the time
constant of relaxation due to the glass transition is independent of the sample size, thus enlargement
of the sample amount was expected to make a difference in heat capacity curve. However the result
of the measurement was exactly the same as that of the small-size sample, which indicates at least
that the ordering process does not freeze at once in a cooperative manner like liquid glass. The
freezing of ordering may occur continuously with decreasing temperature over the wide temperature
range. The possibility of continuous (or gradual) freezing is also supported by the fact that the excess
heat capacity curve is definitely broader than Schottky functions. If the freezing occurs cooperatively
at one temperature point, the excess heat capacity would be stepwise and the curve below that
temperature would be fitted by another Schottky function.

Another possibility to explain the small excess entropy is that some excitations are hidden below
0.35 K, the lowest temperature of the measurement. This is the same idea proposed on the

methyl-partially-deuterated 4-methylpyridines (4MPs). If this is true, some quantum mechanical
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tunneling mode should be responsible for those excitations at low frequencies. Since the tunneling
among the three H and/or D atoms only gives three tunneling states at most, some cooperative
quantum mode among several methyl groups is expected. The distance between the nearest
neighboring methyl groups is 3.98 A which is similar to that of 4MP (3.95 A). It is still open to
question whether the methyl groups in the a-phase can form a network providing some cooperative
quantum modes such as the breather modes in the sine-Gordon theory proposed for 4MP.

In the glass of liquid phase, C¢HsCH,D and C¢HsCHD, also show anomaly in heat capacity
below 20 K (Fig. 7.7), which are much broader than those of the a-phase. Figs. 7.8 (a) and (b) show
the excess contributions in heat capacity and entropy, respectively. The procedure to obtain the
excess heat capacities is the same to that of the a-phase. The broad excess heat capacities indicate
that there are various kinds of potentials surrounding the methyl groups, which is possible because
the molecular orientation is highly disordered in this phase. It is also interesting that the two excess
heat capacities are almost identical, indicating that the averaged rotational potential are quite similar
for -CH,D and -CHD,. The excess entropies are also less than R In 3. Since this glassy phase

definitely involves disorder in structure, the small excess entropy is reasonable.

Table 7.1 Thermodynamic quantities associated with fusion of toluene and its methyl-deuterated

analogs. The sample purities are also listed here.

deuteration | purity Ttus AgH AgsS
Sample
D% % K Kmol" | JK ' mol

CsDs-CD;s 99.62 99.9949 | 178.489 6.607 37.01
CsHs-CD; 99.96 99.9496 | 178.106 6.587 37.01
CeHs-CD; 98 99.9833 | 178.458 6.640 37.22
C¢Hs-CHD, 104.2° 99.4984 | 178.401 6.636 37.47
CsHs-CH,D 109.5° 99.9891 | 178.252 6.622 37.16
C¢Hs-CH; - 99.9929 | 178.134 6.612 37.13
CeHs-CHj; (ref. [1]) - 99.999 178.15 6.636 37.25

* The deuteration degree more than 100% indicates the existence of fully methyl-deuterated

compounds.
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Fig. 7.4 Molar heat capacities of toluene and its methyl-deuterated analogs in the o-phase below
20 K.
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7.3.2 IR measurement

Fig. 7.9 shows the IR spectra obtained at 6 K for four compounds in two spectral ranges: (a) 2100
- 2270 cm™ and (b) 2820 — 3000 cm™". The solid curves show the results of the o-phase and the
dotted curves of the liquid glass. Most of the peaks were assigned referring the results reported for
the liquid phase [13]. There are several C-H stretching modes of benzene ring above 3000 cm™’
which are not shown in the figure. For C¢HsCHjs, the peaks between 2900 cm™ and 3000 cm™!
correspond to the three C-H stretching modes of methyl groups. The peaks between 2820 cm™ and
2900 cm ™' correspond to the overtones of the bending modes of methyl groups. With successive
deuteration, the peaks in the higher frequency range (b) move down to the lower frequency range (a).
For C¢HsCH,D, the peaks in the range (a) correspond to the C-D stretching of -CH,D and those in
the range (b) correspond to the two types of C-H stretching modes. For C¢HsCHD;, the peaks in the
range (a) correspond to the two C-D stretching modes of -CHD, and those in the range (b) to the
C-H stretching. For C¢HsCDs, the peaks of three C-D stretching modes of -CDj are clearly seen in
the range (a). It is interesting that the peak structure of C¢HsCDs is simple compared to the spectra of
C¢HsCH,D and C¢HsCHD,. The peaks of liquid glass (plotted by dotted lines) are generally broader
than those of the a-phase (solid lines). The broadening comes from the heterogeneity of the
surroundings of the methyl groups. The discussion hereafter is limited to the a-phase.

The temperature dependences of the peak intensities are investigated following the same analytical
procedure applied to 26DCT. Fig. 7.10 shows the temperature evolution of the IR spectra for
C¢HsCH,D at (a) 2100 — 2260 cm™ and (b) 2890 — 2990 cm™'. The structures of spectra are
complicated, which makes it difficult to deconvolute them into the components. In addition at high
temperatures, the peaks become significantly broader due to the Doppler effects, indicates that the
methyl groups of toluene move actively in the crystal. The spectra below 50 K were finally fitted by
Voigt functions and the temperature dependences of the peak intensities were investigated. The
intensities of the peaks, scaled by some arbitral factors, were categorized into three types, (1)
increasing with temperature, (2) decreasing with temperature and (3) almost independent of
temperature. The scaled intensities are plotted against temperature in Fig. 7.11, comparing with the
occupancy curves of three energy levels under Boltzmann distribution spaced by 300 peV and 1300
peV from the ground level. The values of energy spacing are selected from the optional sets of levels
shown in Fig. 7.4, which actually does not fit well with the excess heat capacity. As expected, the
scaled intensities do not follow the model curves as well. For example, one of the scaled intensities
corresponding to the highest level deviates to upward side of the model curve at low temperature,
which shows that the real occupancy drops with decreasing temperature more gradually than
expected from the Boltzmann distribution law. These results seem to support the view that the

orientational ordering of the methyl groups is frozen continuously with decreasing temperature over
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the wide temperature range.

Fig. 7.12 shows the temperature evolution of the IR spectra for C¢HsCHD; and Fig. 7.13 shows the
scaled intensities. The solid curves in Fig. 7.13 are the occupancies of three energy levels spaced by
500 peV and 1300 peV from the ground level. The calculated occupancy curves deviate from the

experimental values, which is analogous to the results of C¢HsCH,D.
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Fig. 7.9 Infrared absorption spectra obtained at 6 K for toluene and its methyl-deuterated analogs:
(a) from 2100 em™' to 2270 cm™, (b) from 2820 cm™' to 3000 cm ™. The solid curves show the

spectra of the a-phase and the dotted curves are those of the liquid glass.
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Fig. 7.11 Temperature dependences of the scaled intensities of seven peaks observed for

CsHsCH,D (see Fig.7.10). The solid curves show the occupancies of three energy levels shown
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7.4 Summary

Heat capacity measurements were made for toluene (C¢HsCH3) and its methyl-deuterated analogs
(C¢HsCH,D, CgHsCHD,, C¢HsCD;, C¢DsCH; and Cg¢DsCDj3) between 0.35 K and 200 K by
adiabatic calorimetry and relaxation calorimetry. An excess heat capacity with a broad maximum
was found below 20 K for the a-phase (stable crystal) of C¢HsCH,D and C¢HsCHD,. Unlike in the
case of 26DCT, the excess contribution cannot be explained by the energy schemes involving three
levels. The entropy is significantly less than R In 3 (= 9.13 J K™' mol™). These results indicate that
the orientational ordering of -CH,D as well as -CHD, is frozen in at lower temperatures. The glass of
liquid C¢HsCH,D and C¢HsCHD; also showed an excess heat capacities at low temperatures, but the
shape is much broader than that of the a-phase.

Infrared absorption measurements were also made for C¢HsCH;, C¢HsCH,D, C¢HsCHD, and
C¢HsCD; between 6 K and 100 K in the spectral range from 400 cm™ to 4000 cm™'. The peaks
connected with the C-H or C-D stretching modes of -CH,D and -CHD, show significant temperature
dependence for their intensities. The scaled intensities of the peaks show that the occupancy of the
levels does not follow the Boltzmann distribution, which also indicates the freezing of the

orientational ordering of the methyl groups.
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Chapter 8

Orientational Ordering of Partially Deuterated Methyl Groups in Solid
Methyl Iodide

8.1 Introduction

The results of the investigations for 2,6-dichlorotoluene (26DCT), 2,6-dibromotoluene (26DBT)
and toluene have revealed that the low temperature anomalies in heat capacity for -CH,D and -CHD,
compounds are related to the orientational ordering of the methyl groups. The three energy levels
obtained from the excess heat capacities were ascribed to the ground torsional levels of three
different orientations. This interpretation was also supported by the infrared absorption spectroscopy.

There remains one issue unsolved yet that which physical factor is responsible for the energy
differences among the three levels. Although it has been believed that deuteration induced anomalies
are closely related to the tunneling motion of proton, the results of the investigations for the above
three compounds showed that the spacing of three levels of -CH,D or -CHD, depend little on the
tunnel frequencies of the -CHj. For example, the energy difference among the three levels for the
-CH;,D species of the above three compounds are similar in magnitude (2700 peV for 26DCT, 1700
peV for 26DBT and 1300 peV for toluene), while the rotational tunnel splitting of -CHj; differ more
than an order of magnitude (v = 1.56 peV for 26DCT, v, = 4.4 peV for 26DBT and v =26 peV and
28.5 peV for toluene). Some other physical factor should be accountable for the energy differences.

The compounds investigated so far have one common point that the methyl groups are connected
to a planar frame, i.e. benzene or 2,6-dihalogenobenzene. Considering that the energy differences of
three levels are similar in magnitude among 26DCT, 26DBT and toluene, it seems interesting to
investigate the methyl compound with non-planar frame. For this reason, methyl iodide was chosen
for the next material to be investigated. In this chapter, the results of the heat capacity measurements
for methyl iodide and its deuterated analogs are described.

Methyl iodide consists of a methyl group connected by an iodide atom which is circular
symmetrical to the rotational axis. The methyl groups show rotational tunneling at 2.44 peV [1]

which is similar in size to 26DCT (v = 1.56 pueV). The basic crystal structure of methyl iodide has
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been clarified by X-ray diffraction measurement [2]; the space group is Pnma, Z= 4, a = 0.4597 nm,
b = 0.6987 nm, ¢ = 1.0117 nm and the unit cell volume is 0.3249 nm® at 193 K. The positions of
deuterons in the crystal structure at 4.5 K were also determined for the CDj;l by neutron diffraction

measurement [3].

8.2 Experimental
8.2.1 Samples

CH:lI was purchased from Wako Pure Chemical Industries. CH,DI (98%D) CHD,I (98%D) and
CDsl (99.5%D) were purchased from CIL. The chemical purities were determined using the
fractional melting method (Section 3.2.1), which were 99.9907%, 99.9582%, 99.9920% and
99.9350% for CH;1, CH,DI, CHD>I and CD;s, respectively.

8.2.2 Heat Capacity Measurement

Heat capacity measurements were made between 5 K and 240 K by adiabatic calorimetry, and
between 0.35 K and 20 K by relaxation calorimetry. The amounts of samples used for the adiabatic
calorimetry were 4.261126 g (30.02083 mmol), 4.06760 g (28.45567 mmol), 4.338701 g (30.14006
mmol) and 4.1376 g (28.54354 mmol) for CH;I, CH,DI, CHD,lI and CDsl, respectively, after
buoyancy correction.

The amounts of the sample used for the relaxation calorimetry were 33.2404 mg (234.188 pmol),
11.0752 mg (77.479 pmol), 12.0638 mg (83.804 umol) and 23.86364 mg (160.998 pmol) for CHsl,
CH,DI, CHD»I and CDsl, respectively. Since methyl iodide is highly volatile, the aluminum pan was
used as a liquid sample cell (Section 3.1.5, Case 3). As mentioned before, the disadvantage of
aluminum pan is that the heat capacity below the superconducting transition at 1.2 K can be easily
changed with mechanical deformation. In this respect, the subtraction of the aluminum heat capacity
always involves some error. In the case of methyl iodide, CH,DI and CHD,I show huge heat
capacity at this low temperature range, so the small error in aluminum pan is negligible. However
the heat capacities of CH;I and CDsl are small enough at this temperature that the error from the
aluminum pan is not negligible. For this reason, any detailed discussion on the heat capacities of

CH;I and CD;sl at this temperature range will not be undertaken.
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8.3 Results and Discussion

Fig. 8.1 shows the heat capacities of four compounds in the whole temperature range. There is no
anomaly at high temperatures except for the fusion at 206 K. The thermodynamic quantities
associated with the fusion are listed in Table 8.1 together with the sample purities. All the four
compounds have similar value of fusion entropy. At low temperature, CH,DI and CHD,I show
dramatic increase in heat capacity below 5 K (Fig. 8.2) which does not reach to a maximum even at
the lowest temperature of the measurement (0.35 K). The gradients of the heat capacity curves seem
to obey 77> tendency, which is typical for the Schottky functions in their high temperature limit (Fig.
8.2 inset). It is very interesting that the anomaly appears at much lower temperatures comparing to
those of the previous compounds. Fig. 8.3 shows the excess heat capacities after subtracting the
lattice heat capacities. The lattice heat capacities were estimated from the heat capacities of CHsl
and CDsl, which are almost the same at low temperatures. Fig. 8.3 also shows the results of fitting
by Schottky function with three energy levels. The spacing between the levels was 10.5 peV (doubly
degenerated) for CH,DI and 10 peV and 42 peV for CHDsI. Since the fitting was made only on the
high temperature side of the anomalies, the results of the fitting are rather arbitral. Nevertheless it is
clear that the three levels of CH,DI and CHD,I are not in the inverse relation, contrary to the results
for 26DCT or 26DBT. The inverse relation may be related to the plane symmetry of the functional
groups bonded to the methyl groups.

The IR measurements for the four compounds down to 6 K were also made, but the intensities of
peaks connected with C-H or C-D stretching modes do not vary with temperature, which is
consistent with the calorimetric results. The energy spacing by several tens peV corresponds to less

than 1 K in temperature unit, which is much lower than 6 K.
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Table 8.1 Thermodynamic quantities associated with the fusion of methyl iodide and its

deuterated analogs. The sample purities are also listed.

deuteration purity Thus AssH AgusS
Compounds ; : ]
%D % K kJ mol’ JK” mol
CH;l - 99.9907 206.664 7351 35.58
CH,DI 98 99.9582 206.267 7:327 35.54
CHD>I 98 99.99120 205.800 7.299 35.48
CDsl 99.5 99.9351 205.389 7.258 3537
T T T T T T T T T T T T T T T 1 T T T T T )
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Fig. 8.1 Molar heat capacities of methyl iodide and its deuterated analogs. The ordinate is for

CH;l. The results for other three compounds are successively shifted upward by 5 1 K™' mol ™.
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8.4 Summary

Heat capacity measurements were made for methy! iodide (CHsl) and its deuterated analogs,
(CH,DI, CHD;I and CDsl) between 0.35 K and 240 K by adiabatic calorimetry and relaxation
calorimetry. Excess heat capacities were found only below 5 K for CH,DI and CHD,I, showing a
remarkable contrast to the other partially deuterated compounds studied before such as 26DCT,
26DBT and toluene. The significantly small energy spacing indicates that the symmetry of the

functional groups attached to the methyl groups is important for determining the energy scheme.
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Chapter 9

Orientational Ordering of Partially Deuterated Methyl Groups in Solid
Methanol

9.1 Introduction

The results of the investigation for methyl iodide strongly indicate that the structure of excess
heat capacities for -CH,D and -CHD, compounds depends on the molecular structure, especially on
the symmetry of the functional group bonded to the methyl group. In order to confirm this, methanol
was chosen for the further investigation. The hydroxy group of methanol is plane symmetrical to the
methyl group, but not two-fold symmetrical as in the case of 2,6-dichlorotoluene (26DCT),
2,6-dibromotoluene (26DBT) and toluene.

The phase behavior of solid methanol is rather complicated. It has at least two crystalline phases,
a-phase and B-phase. The a-phase is stable below 160 K down to the lowest temperature, and the
B-phase is stable above 160 K up to the fusion at 175 K. The phase transition between the two
phases was first considered to be a second order transition [1]. Later a dilatometric measurement
showed that two phase transitions, a first order transition at 159 K and a second order transition at
156 K [2]. However the precise heat capacity measurements made by adiabatic calorimetry [3]
observed only one transition of first order at 157.34 K. The transition could be easily overheated and
undercooled.

The crystal structures of the a-phase and the B-phase were investigated by X-ray diffraction
measurements for CH;OH [4] and neutron diffraction measurements on CD;0D [5,6]). The structure
of the a-phase is orthorhombic with space group P2,2,2,, Z =4, a = 0.48727 nm, b = 0.46411 nm, ¢
= 0.88671 nm with a unit cell volume of 0.20053 nm® at 15 K, in which the hydroxy groups form
infinite hydrogen bonded chains (Fig. 9.1). The molecular geometry of CD;0D in the a-phase is
close to that in the gas phase, i.e. one of the deuterons of the methyl group and the deuteron of the
hydroxy group are in the frans configuration (Fig. 9.1). The structure of the B-phase is orthorhombic
with space group Cmcm, Z = 4, a = 0.64090 nm, b = 0.71993 nm, ¢ = 0.46490 nm with a unit cell
volume 0.21451 nm’ at 170 K. A very strong diffuse scattering was observed for the B-phase,
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suggesting some disorder existing in the phase, which may be due to orientational disorder of the
molecule around the C-O axis. The extent of disorder differs in different experimental runs,
indicating that the disorder depends on the thermal history.

In addition to these two phases, the amorphous phase and the metastable crystalline phase is
known [6-9]. The amorphous phase can be obtained by vapor deposition at low temperature (7, ~
102 K) [7,8]. The metastable crystalline phase can be obtained by rapidly cooling the sample from
the room temperature. The metastable phase was evidenced only by Raman spectroscopy [6], so that
it is not certain that the metastable phase is identical to the mixture of the a-phase and the B-phase
[9].

To the best of my knowledge, the investigations on the partially deuterated methanol have been
limited to the spectroscopic work on the gas phase. In this chapter the results of thermodynamic
study as well as the IR spectroscopic study of methanol and its deuterated analogs (CH3;OH,
CH,DOH, CHD,0H and CD;0D) in the solid phase are described.
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Fig. 9.1 (Left) Crystal structure of methanol in the a-phase showing the hydrogen bonding and

the projection of the unit cell. (a) view down the x-axis, (b) view down the y-axis [5]. (Right)
Geometry of the methanol molecule in the gas phase (CH;OH) and the a-phase (CD;0D) [5].
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9.2 Experimental
9.2.1 Samples

CH;0OH was purchased from Wako Pure Chemical Industries. CH,DOH (98%D), CHD,OH
(98%D) and CD3;0H (99.5%D) were purchased from CIL. The deuteration degrees were examined
by NMR measurement. 'H NMR (500 HMz, CDCl;) 6 3.45 (protons of the methyl groups), 0.9 (1H
of hydroxyl group). The deuteration degrees were obtained by taking the ratio of the integrals of
these two peaks. The chemical purities were determined using the fractional melting method
(Section 3.2.1), which were 99.976%, 99.789%, 95.807% and 99.943% for CH;OH, CH,DOH,
CHD,OH and CD;OH, respectively. Since the purity of CHD,OH was low, another sample of
CHD,OH was also purchased (C/D/N Isotope Inc. 99.2%D). The chemical purity of this sample has

not been determined yet.
9.2.2 Heat Capacity Measurement

Heat capacity measurements were made between 5 K and 200 K by adiabatic calorimetry, and
between 0.35 K and 20 K by relaxation calorimetry. The amounts of samples used for the adiabatic
calorimetry were 1.71528 g (53.5326 mmol), 1.66122 g (50.2669 mmol), 1.81910 g (53.4179 mmol)
and 1.83538 g (52.3491 mmol) for CH;0OH, CH,DOH, CHD,0H and CD;OH, respectively, after
buoyancy correction. For CHD,OH, only the sample purchased from CIL (of not high purity) was
measured by adiabatic calorimetry. For each sample, two types of phases were investigated, the
rapidly cooled phase and the annealed phase. The first one was obtained by cooling the sample from
the liquid phase with the rate of ~ — 10 K min™". This phase showed exothermic behavior above
100 K due to some stabilization. The second phase was obtained by annealing the sample at 155 K
for about an hour. The annealed phase is the homogeneous a-phase. The transition from the a-phase
to the B-phase was detected around 160 K accompanied by huge endothermic heat due to the
stabilization from the overheated a-phase to the stable B-phase. Such huge endothermic heat causes
a loss of the adiabatic control of the calorimeter. This is because the adiabatic condition is achieved
by taking the power balance between the cold source from coolant, such as liquid nitrogen or helium
and the hot source from the heater coil. Since the former power cannot be regulated finely, the
temperature of the outer adiabatic shield can easily be out of control when the temperature of the
sample suddenly drops. For this reason, the data points are missing around the phase transition (see
Fig. 9.2).

For relaxation calorimetry, both the rapidly cooled phase (~ -6 K min~") and the annealed phase

(annealed at 155 K for 1 h) were investigated. The amounts of sample used for the relaxation
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calorimetry were 0.370 mg (11.6 pmol), 0.340 mg (10.3 pmol), 0.307 mg (9.02 umol) and 0.427 mg
(12.2 pmol) for CH;0H, CH,DOH, CHD,OH and CD;OH, respectively. The copper liquid sample
cells were used (Section 3.1.5, Case 2). The sample amounts for the relaxation calorimetry were
determined referring the heat capacities of adiabatic calorimetry. For CHD,OH, the sample
purchased from C/D/N Isotopes was also investigated by relaxation calorimetry below 40 K. The
amount of this sample was 0.344 mg (10.0 pmol). In the discussion of the low temperature heat

capacities of CHD,OH, the results of this sample are described unless otherwise noted.

9.2.3 IR Measurement

Infrared absorption measurements were made between 6 K and 100 K in the spectral range from
400 cm™ to 4000 cm™'. Two pieces of KRS-5 single crystal plates were used as a sample holder
instead of KBr plates because methanol dissolves KBr. The sample was first rapidly cooled down (~
—100 K min™) to 100 K. After measuring the spectra of the rapidly cooled phase, the sample was
annealed at 155 K for 1 h and then measured from 100 K to 6 K.

9.2.4 DFT Calculation

In order to support the interpretation of the IR spectra, quantum mechanical DFT computation was
also made using the B3LYP method with 6-31G(d) basis set for all atoms. The calculations were
made on single molecule for all compounds (CH3;0H, CH,DOH, CHD,OH and CD;OH). The

molecular geometries were first optimized and then the IR spectra were calculated.

9.3 Results and Discussion
9.3.1 Heat Capacities

Fig. 9.2 shows the heat capacities of four compounds (CH;0H, CH,DOH, CHD,OH and
CD;0H) over the whole temperature range. The step around 160 K is due to the phase transition
between the a-phase and the B-phase. Several data points are missing at this temperature because the
adiabatic control was out due to the endothermic stabilization. The heat capacity of rapidly cooled
phase is almost equal to the annealed one in the temperature range from 20 X to 150 K, indicating
that the rapidly cooled phase mainly consists of the a-phase with small portion of the B-phase. The
peaks around 175 K show the fusion.

At low temperature, CsHsCH,D and C4HsCHD, show a broad anomaly in heat capacity in both
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the rapidly cooled phase and the annealed phase, while CH3;OH and CD3;OH do not show such an
anomaly. Fig. 9.3 shows the low temperature heat capacities of CH;OH and CD;OH in the C,/ T plot.
The difference between the rapidly cooled phase and the annealed phase may be due to the
difference in the density. Since the B-phase is less dense than the a-phase, the heat capacity of the
rapidly cooled phase, which presumably contains the B-phase, is slightly larger than that of annealed
one. The deviation from the 7° dependence below 2 K for the rapidly cooled phases also indicates
that these phases are disordered [10]. The similar deviation observed for the annealed CH;OH may
be due to the tunnel excitation of the methyl groups.

Fig. 9.4 shows the heat capacities of CH,DOH below 20 K. It is interesting that the heat
capacities of the two phases differ significantly to each other. The peak obtained after rapid cooling
is smaller and shifted toward lower temperature comparing to the one obtained after annealing. This
difference is much more distinct comparing to the results for CH;OH or CD;OH (Fig. 9.3). The
excess contributions were obtained by subtracting the lattice heat capacities, which were estimated
from the values of CH;0H and CD;OH with proper temperature scaling. Fig. 9.5 and Fig. 9.6 show
the excess entropies and the excess heat capacities for CH,DOH. The excess entropies are close to
R 1In 3 for both phases, which is the value expected from the model of orientational ordering of the
methyl groups. The excess heat capacity of the annealed phase was fitted well by the Schottky
function with energy scheme of two levels. The upper level is doubly degenerated. However the
excess heat capacity of the other rapidly cooled phase does not fit well to the Schottky function,
which is broader than the model curve especially below 1 K. The broadening of the excess curve
indicates the possibility of disorder existing in the phase. Indeed significant orientational disorder of
the molecules in the B-phase was suggested from the diffraction measurements.

For CHD,OH, unexpected long thermal relaxation was observed below 10 K for both phases. The
relaxation time was much longer for the rapidly cooled phase than for the annealed phase. Since the
rotation of -CH,D by 120° does not change the nuclear spin state, the long relaxation cannot be
attributed to the spin conversion. Another possible explanation is that there was a small amount of
CH;0H in the sample together with some magnetic impurities which induced the spin conversion of
-CHj;. However, similar relaxation was also observed for the other sample (the one purchased from
C/D/N Isotope) which is presumably purer than the first one. The long relaxation seems to be
intrinsic for CHD,OH. Such a long relaxation makes it difficult to obtain accurate data by relaxation
calorimetry, because it is indistinguishable with the relaxation of the calorimetry. In order to
overcome this problem, the temperature monitoring time was extended ten times longer than the first
time constant (7;) of relaxation calorimetry (Section 3.1.4). In general, the extension of the
monitoring time of temperature is not preferable especially when the heat capacity is smali, because
it essentially involves the noise from thermal fluctuation. However, fortunately since the heat

capacity of CHD,OH is large at this low temperature range, the data were finally obtained with
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relatively high precision. Fig. 9.7 shows the results of two phases, which is similar to CH,DOH. The
maximum of the heat capacity peak for the rapidly cooled phase is shifted to lower in temperature
comparing to that of annealed one. The difference would be due to the same reason to that of
CHLDOH. Fig. 9.8 and Fig. 9.9 show the excess entropies and the excess heat capacities of CHD,OH.
The excess entropy of the annealed phase is much smaller than R In 3, which is rather close to R In
(3/2). The excess entropy of the rapidly cooled one is similar but slightly larger than that for the
annealed one. The excess heat capacity of the annealed CHD,OH is explained by the energy scheme
of two levels, in which the lower energy level is doubly degenerated. The degeneracy of the lowest
levels explains the absence of excess entropy of R In 2. Therefore the excess entropy function should
be drawn as in Fig. 9.10, i.e. the entropy of the two degenerated ground states is not released even at
the lowest temperature of the measurement (0.35 K). It is not certain whether the residual entropy of
R In 2 will be released or frozen at the lower temperatures. The larger entropy of the rapidly cooled
CHD,0H may be from the B-phase where the lowest levels may not be degenerated.

It should be noted that the energy levels for the annealed phase fuifill the inverse relation with
each other, as in the case of 26DCT or 26DBT. The degeneration of the two levels shows that two
orientations are energetically equivalent. The neutron diffraction measurement for CD;OD revealed
that the methyl group is oriented in a way that one of the deuteron of the methyl group locates on the
trans-position to the proton of hydroxyl group [5]. If this is true for CH,DOH and CHD,0H, and if
the intermolecular interaction is ignored, the two equivalent orientations for -CH,D or -CHD, would
correspond to the two degenerated levels. It is also important that the energy spacing of the
deuterated methanol is significantly larger than that of methyl iodide. Since the mass of hydroxyl
groups is much smaller than the iodide, it is clear that the mass of the functional group connected to
the methyl groups is not responsible for the energy spacing. The symmetry of the functional groups
seems to be the main factor. Of course the influence from the intermolecular interaction is not
negligible. However, considering the difference between the results of the rapidly cooled phase and
the annealed phase, which is much smaller than the difference between methanol and methyl iodide,
the influence of the intermolecular interaction seems still minor effect compared to that of the

symmetry of the molecular frame.
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which derives from the degeneracy of the lowest levels.

9.3.2 IR Measurement

Fig. 9.11 shows the IR spectra of four compounds in the whole range of frequency registered at 6 K.
The solid curves show the results for the annealed phase. The dotted curves are those of rapidly
cooled phase. The former one corresponds to the a-phase and the latter one to the liquid glass. These
phases were assigned by comparing the spectra with those in ref. [11]. Note that the rapidly cooled
phase in this section is not the mixture of the c-phase and the B-phase as it was in the previous
section. The spectra of the mixture phase were also recorded, which was obtained by rapidly cooling
the sample from the B-phase (not shown in Fig. 9.11). For the sake of simplicity, the discussion here
is limited to the results of the a-phase. Most of the peaks of CH;OH and CD;OH are assigned
referring the previous report by Falk et al. [11], which are shown in Fig. 9.11 with arrows. The
results of the DFT calculation for single molecule are also shown in Fig. 9.11 by bars below each
spectrum. The calculation results are in good agreement with the experimental ones expect for the
peaks associated with the motions of hydroxyl groups, which are extensively broader and shifted to
lower frequencies in experiment due to the formation of hydrogen bond network in the crystal. The

focus of the investigation is again on the C-H or C-D stretching modes of methyl groups. Suppose
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that the results of DFT calculation for CH,DOH and CHD,0OH have ~ 10% accuracy, the peaks
around 2200 cm™' and 2950 cm™' observed in CH;DOH and CHD,0H are connected with the C-D
and C-H stretching modes of methyl groups.

The temperature dependence of the peak intensities are investigated in the same analytical
procedure applied to the previously described other compounds. Fig. 9.12 shows the temperature
evolution of the IR spectra for CH,DOH in the spectral range 2100 — 2300 cm ™. The peak splitting
may be due to the coupling with the vibrational modes of hydrogen bond network of the hydroxyl
groups. The peaks in the spectra can be categorized into three groups, the peaks centered at
2145 cm™, the peaks around 2185 cm™" and those around 2250 cm™". The first group diminishes with
decreasing temperature, while the third one becomes stronger. The temperature dependence of the
second groups is rather complicated, which is not used in the present analysis. The spectra were
fitted by Voigt functions, and the temperature dependences of the components obtained by the fitting
was investigated. Since the peak decomposition in each group was not quite, the total intensities
were analyzed. The scaled intensities of two sets of peaks are consistent with the occupancy curves
of two energy levels obtained from the Schottky heat capacity (Fig. 9.13).

Fig. 9.14 shows the temperature evolution of the IR spectra for CHD,OH in the a-phase in the
spectral range at 2880 — 2990 cm™. The peaks are also categorized into three groups, the peaks in
the range from 2900 cm™ to 2930 cm™', the single peak at 2940 cm™' and the peaks in the range
from 2950 cm™ to 2980 cm™. The first group becomes stronger with decreasing temperature, while
the third one becomes weaker. The second one does not depend on temperature. Since these peaks
are located on the huge broad peak connected with O-H stretching mode, the second peak might be a
part of it. The spectra were fitted and the intensities of the each component showing the same
temperature dependence were summed up and then scaled. Fig. 9.15 shows the scaled intensities
which agree well with the occupancy curves obtained from the Schottky heat capacity.

Fig. 9.16 shows the angle dependence of the frequency of C-D stretching mode in CH,DOH
obtained by DFT calculation for single molecule. The IR spectra in Fig. 9.12 show that the peaks
diminishing with decreasing temperature are lower in frequency than that getting stronger with
decreasing temperature. The former peaks correspond to the doubly-degenerated highest energy
levels and the latter peaks correspond to the non-degenerated lowest level. Therefore the IR peaks at
lower frequency correspond to the doubly-degenerated highest level and those of the higher
frequency correspond to the non-degenerated lowest levels. According to the DFT calculation such a
situation is possible for most of the rotational angle « except that & = 0. Actually this result is
inconsistent with the neutron diffraction measurement for CD;0D [5], in which the orientation of
a= 0 is confirmed. The difference may come from the inaccuracy of the DFT calculation, in which
the effect of hydrogen bond network is not taken into account. Another possibility is that the

orientation of the methyl group varies with deuteration of the hydroxide groups which form the
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hydrogen-bond network. The investigation for CH,DOD or CHD,0OD may give some hint to solve
this problem. Fig. 9.17 shows the angle dependence of the frequencies of C-H stretching mode in
CHD,OH obtained by the DFT calculation for single molecule. The IR spectra (Fig. 9.14) show that
the peaks diminishing with decreasing temperature are higher in frequency than those getting
stronger with decreasing temperature. This situation corresponds to the rotational angle « # 0, which
is consistent with the result of CH,DOH, but again inconsistent with the neutron diffraction

measurements for CD;0D [5].
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those of the glass of liquid. The bars below the spectra show the frequencies of normal modes

obtained by DFT calculation for single molecule.
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Fig. 9.13 Temperature dependences of the scaled intensities of two groups of peaks obtained for
CH,DOH (see Fig.9.12), which are consistent with the occupancy for the two-level energy

scheme obtained from the Schottky heat capacity (solid curves).
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scheme obtained from the Schottky heat capacity (solid curves).
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Fig. 9.16 Frequency of C-D stretching mode in CH,DOH obtained by DFT calculation for single

molecule. The pictures above the figure show the molecular configurations.
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Fig. 9.17 Frequency of C-H stretching mode in CHD,0OH obtained by DFT calculation for single

molecule. The pictures above the figure show the molecular configurations.
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9.4 Summary

Heat capacity measurements were made for methanol (CH3;OH) and its methyl-deuterated
analogs, (CH,DOH, CHD,0H and CD;OH) between 0.35 K and 200 K by adiabatic calorimetry and
relaxation calorimetry for two phases, the rapidly cooled phase and the phase annealed at 155 K for
1 h. The latter phase is the a-phase (the low temperature crystalline phase) while the former one is
presumably the mixture of the a-phase and the B-phase. A broad excess heat capacity was found for
the both phases of CH,DOH and CHD,OH. The excess entropy of CH,DOH in the a-phase was
about R In 3 (= 9.13 J K™' mol™") while that of CHD,OH was R In (3/2) (= 3.37 J K™' mol™). The
excess heat capacities were explained by an energy scheme of two levels. The upper one of the
levels for CH,DOH and the lower one for CHD,OH are doubly degenerated, showing the inverse
relation of the energy levels like 26DCT and 26DBT. The degeneration of the lower levels of
CHD,OH is the reason of missing entropy by R In 2. For the rapidly cooled phase, the excess heat
capacities were broader and shifted lower in temperature compared to those of the a-phase for both
compounds. The broadening may be due to the orientational disorder of the molecule around the
C-0O axis in the B-phase. The excess entropy for the rapidly cooled phase of CH,DOH is close to R In
3 while that of CHD,OH is slightly larger than R In (3/2), which is also due to the contribution of the
B-phase.

Infrared absorption measurements were also made for the four compounds (CH;OH, CH,DOH,
CHD,0H and CD;OH) between 6 K and 100 K in the range from 400 cm”! to 4000 ¢cm™. The peaks
connected with C-H or C-D stretching modes for CH,DOH and CHD,OH in the a-phase show
strong dependence of their intensities on temperature. The scaled intensities of the peaks agree well
with the occupancy curves of the two levels under the Boltzmann distribution obtained from the
excess heat capacity.

Using the results of calorimetry, IR spectroscopic and DFT computation for the single molecule,
the orientations of the methyl groups were estimated to be that one of the hydrogen atoms is in the
cis-position to the proton of hydroxide group. This result is however inconsistent with the results
derived from the neutron diffraction measurements for CD30D [5]. The deuteration of the hydroxyl

group may influence the orientation of the rotor.
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Chapter 10

Discussion and Conclusions

10.1 Summary

A series of investigations have revealed various important aspects of the orientational ordering of
partially deuterated methyl groups in molecular solids. Table 10.1 shows the summary of the
ordering processes and the associated entropies. The ordering process is categorized into two groups,
cooperative ordering and non-cooperative ordering. The former one is accompanied by a phase
transition, which was observed in 4-methylpyrdine (4MP) and lithium acetate dihydrate (LiAc) [1].
In both compounds, two methyl groups face to each other to form a coupled rotor. The interactions
between the coupled rotors are also strong to form two-dimensional infinite chain network of
interaction, which may be responsible for the cooperativity at the phase transition. In contrast to the
results of LiAc, the transition entropies of partially deuterated 4MPs are significantly smaller than
the expected value of (1/2) R In 18, indicating two possibilities; either the freezing of the ordering or
the existence of very low energy levels which were not observed in this study.

Another type of ordering, the non-cooperative one, was found in 2,6-dichlorotoluene (26DCT),
2,6-dibromotoluene (26DBT), toluene, methyl iodide and methanol. The non-cooperative feature is
evidenced by the Schottky type excess heat capacities which presume Boltzmann distribution among
the fixed energy levels. The energy schemes were obtained by fitting the Schottky functions to the
excess heat capacities, which vary among different compounds. 26DCT shows the scheme of three
levels. Methanol has two levels, one of which is doubly degenerated. 26DBT has three levels with
some distribution in energy. Methyl iodide shows very small energy spacing. Toluene shows the
freezing of orientational ordering where the occupancies of the levels do not follow the Boltzmann
distribution.

The energy levels obtained from the heat capacity measurement correspond to the three ground
torsional states of the methyl groups. The spacing from the lowest level is listed in Table 10.2 where
“0”, “1” and “2” denote the lowest, the middle and the highest one of the three levels. The values of

two compounds (nitromethane and (DMe-DCNQI),Cu) reported in the past [2-4] are also added in
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the table. It is interesting that the spacing of 0e>1 (1>2) for -CH,D is almost equal to that of 152
(0>1) for -CHD,; for all the compounds investigated except for methyl iodide.

It seems that there is no correlation between the spacing of the ground torsional levels of -CH,D
or -CHD; and the tunnel frequency of -CHj;. From the view point of degrees of freedom, the three
ground torsional states of -CH,D or -CHD, correspond to the rotational tunneling states of 4 and E
for -CH3. Since the tunnel levels get lower with increasing the moment of inertia, the spacing
between the levels also becomes smaller. The large energy difference among the levels for -CH,D or
-CHD,, cannot be thus attributed to the simple mass effect on the rotational tunneling. From the
other point of view, tunnel frequencies of -CHj; is often used to estimate the barrier height of the
potential. This is because the extent of tunneling (overlapping of the localized wave functions)
depends on the potential width. If a sinusoidal curve is assumed for the potential surface like in Eq.
(2.5), the width increases with the potential height. Stated another way, the larger tunnel frequency
implies the lower potential barrier. Therefore the ground torsional levels of -CH,D or -CHD,
showing no correlation to the tunnel frequency of -CHj, have little correlation to the magnitude of

the potential barrier.

10.2 Discussion — Ground Torsional Levels of -CH,D and -CHD, —

It is an important question which factor determines the energy scheme of the ground torsional
levels for -CH,D and -CHD,. The energy scheme can be characterized by three aspects; (1) the
absolute value of the spacing between 0«2, (2) the ratio of the spacing between 0«1 and 1<>2 and
(3) the relation of the energy spacing between -CH,D and -CHD,. In all aspects, methyl iodide is
different from the other compounds. The other compounds are common in the third aspect that the
energy spacing between -CH,D and -CHD, has inverse relation. For the second aspect, the
compounds can be categorized into two types. One is that two levels have the same energy (doubly
degenerated), which is observed for methanol and (DMe-DCNQI),Cu. The other one is that three
levels have different energy, which is the case of all the other compounds (26DCT, 26DBT, toluene
and nitromethane). The energy difference between the highest and the lowest levels (the first aspect)
varies with different compounds ranging from 900 peV to 3000 peV.

There are several possible factors which can be responsible for the different ground torsional
levels. One is the symmetry breaking of the three-fold rotational potential by deuterium substitution.
If one or two of the three potential wells are deeper than the others, the energy levels of the torsional
wave function in that well can be lower than the others. However interatomic interaction is generally
determined by the electronic state which is not related to the nuclear mass, so the deuterium

substitution itself does not deform the potential in principle. The indirect effect of the isotope
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substitution to the interatomic interaction is possible, for example the shortening of C-H chemical
bonds by isotope substitution. However according to the structural study of C;H, and C,D,, the
contraction of the C-H distance by the deuteration is less than 0.5% [5], which would not produce
the energy difference of several meV.

Another possibility to explain the large energy difference is the mass effect on the zero point
levels for each atom [6]. The point of this model can be illustrated by the example of two
one-dimensional oscillators of masses M and m (M > m) in two wells with force constants F and f
(F > f). There are two possible configurations (orientations); (1) M in the steep well (#) and m in the
shallow well (f); (2) m in the steep well (F) and M in the shallow well (f). If the ground level of a
configuration is expressed by the simple sum of the zero point energy of the two atoms, the
harmonic approximation shows that the configuration of (1) is more stable than that of (2). If the
same logic is applied to -CH,D, the configuration that deuteron locates in the steepest well would be
the most stable state. In the same way, the configuration that the deuteron is in the second steepest
well corresponds to the middle level, and so on. Although this model looks reasonable, there is one
important assumption hidden that the motions of two atoms (M and m) are independent of each other.
This condition is not satisfied for the methyl group system because of the strong chemical bonds.
Indeed if a methyl group is treated as rigid rotor, the identity of the atoms has no longer sense on the
rotational state where only the value of moment of inertia can be used as an effective parameter. In
that case, all the three levels must be identical if the potential is three-fold symmetric. Of course this
is not always true because the methyl groups can be flexible enough to be distorted. Actually some
structural studies of aspirin with partially deuterated methyl groups showed that the triangle formed
by the three hydrogen atoms is isosceles rather than equilateral [7], which is the evidence that the
rotor is not completely rigid under the crystal field. Nevertheless, the methyl groups still seem rigid
so that the mass effect has minor contribution.

Another model explaining the large energy difference between the ground torsional levels of
-CH,D or -CHD; is the rigid-top-rigid-frame model. The outline of this model has already been
introduced in the theoretical section (Section 2.4.1). This model takes into account the rotation of the
frame, the functional groups connected by the methyl groups. In this framework, the internal rotation
is regarded as the twisting motion of the bond between the top and the frame. Therefore the moment
of inertia is determined by the mass and the structure of top and frame as well as their relative
configuration, which is called effective moment of inertia. If the top rotor is asymmetric, the
effective moment of inertia shows angle dependence in its magnitude, which induces the difference
in energy for different orientations. This model has been applied mainly on the behavior of gas phase
where the intermolecular interaction is negligibly small. In order to apply this model to solid phases,
a potential term of the frame has to be added to the total Hamiltonian in Eq. (2.12). For the torsioinal

states, this contribution can be embedded in the potential term of V() in Eq. (2.13), so that the basic
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theoretical treatment does not change except for the enlarged potential barrier of V(). As mentioned
in the theoretical section (Section 2.4.2), the energy difference calculated for CH,DCHO are about
50 GHz (~ 200 peV) and 35 GHz (~ 150 peV). Although these values are ten times smaller than the
values obtained in this study, considering the rough approximation of this model, it seems still
acceptable offering a major reason of the large energy differences. In addition, the energy levels
obtained from this model depend on the structure and symmetry of the frame connected to the
asymmetric top, which is exactly what expected from the experimental results.

The larger energy spacing obtained in this study may come from the coupling of the torsion with
other molecular motions. The experimental fact that the frequencies of the C-H (C-D) vibration vary
with the orientation of the methyl groups explicitly shows that these stretching modes are coupled to
the molecular dynamics of the frame. The angle dependence of the frequency indicates that the
extent of coupling varies with the orientation of the rotor. Likewise it is quite probable that the
torsion of the rotor is coupled to some modes of the frame.

Considering all described above, it was concluded that the difference in the ground torsional
levels of -CH;,D and -CHD;, at three different orientations mainly derives from angle dependence of
the effective moment of inertia which vary with the structure and the mass density of the top rotor
(methyl groups) and the molecular frame. The coupling with other modes as well as the effect of
flexibility in the methyl groups brings additional contribution.

In this framework, it is clear that two factors are responsible for the energy difference among the
ground torsional levels; (1) the structure (and symmetry) of the frame functional groups and (2) the
orientation of the rotor against the frame. If the frame is circular symmetric, the concept of “internal
rotation” itself disappears, where the rotational angle is defined by the relative position to the unit
cell of the crystal. The moment of inertia then depends less on the rotational angle, so that the energy
levels tend to degenerate. This may be the case of methyl iodide. When the frame is not circular
symmetric, the energy levels differ depending on the orientations. When the frame has plane
symmetry and the methyl group is oriented to locate one hydrogen atom in the plane, the energy
levels split into two, one of which is doubly degenerated. The non-degenereted state is the
symmetric configuration in Fig. 2.3 and the doubly degenerated states are those of asymmetric
configuration. This would be the case of methanol and (DMe-DCNQI),Cu. At least for methanol, the
methyl groups are revealed to be in this configuration in the a-phase. When the methyl group is
oriented that all the three hydrogen atoms are out of the frame plane, then the energy level split into
three levels. This is the case of other compounds. Indeed neutron diffraction measurements have
been revealed that the fully deuterated methyl groups of toluene (a-phase) [8] and nitromethane [9]
have those orientations. For 26DCT, even though the crystal structures have not been clarified yet,
the orientation expected in this study is also the same kind that all the hydrogen atoms pointing out

from the frame plane. For 26DBT, however, the orientations of the rotor expected in this study is
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that one hydrogen atoms is on the plane of 2,6-dibromobenzene, which is inconsistent with what
expected from the model above. The difference may come from the interpretation of the IR spectra
where the angle dependence of the C-H (C-D) stretching mode obtained by DFT calculation
(Fig. 6.11 and Fig. 6.12) is linked to the IR frequencies observed. It is obvious that the analysis using
the plot of Fig. 6.11 or Fig. 6.12 is too rough to detect the difference of small angle difference. Since
the heat capacity reflects the ordering processes more sensitively than the other quantities in this
work, it would be reasonable to conclude that the partially deuterated methyl groups in 26DBT
seems to be oriented in the way that one of the hydrogen atoms is close to the frame plane, but not

exactly on the plane. For the further investigation, neutron diffraction measurements are needed.
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Table 10.1 Summary of the ordering processes and the associated entropies of seven compounds in solid.

tunnel splitting entropy
ordering process
w(-CH3) / peV -CH; -CH,D -CHD, -CD;
lithium acetate dihydrate
) 250 >0 2RIn 18 2RIn 18 “RIn2 cooperative perfect ordering
(LiAc) [1]
4-methypyridine (4MP) 519 0 <%RIn18 <%RInl18 | %RIn2 cooperative residual entropy
2,6-dichlorotoluene
0.56 0 RIn3 RIn3 0 non-cooperative perfect ordering
(26DCT)
2,6-dibromotoluene distribution in energy levels
4.0 0 RIn3 RIn3 0 non-cooperative
(26DBT) perfect ordering
28.5 ) residual entropy
toluene (a-phase) 0 <RIn3 <RIn3 0 non-cooperative . .
26.0 (orientational glass)
o . small spacing between
methyl iodide 2.44 0 >0 >0 0 non-cooperative
the energy levels
) perfect ordering (-CH,D)
methanol (a-phase) not known 0 RIn3 RIn(3/2) 0 non-cooperative )
degeneration of the ground level (-CHD,)
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Table 10.2 Summary of the non-cooperative ordering of partially deuterated methyl groups for seven compounds.

energy levels / peV
tunnel splitting .
compound -CH,D -CHD, degree of ordering
W(-CHs) / peV
01 02 01 02
CH,
2,6-dichlorotoluene cl al .
1.56 267 2700 2400 2950 perfect ordering
(26DCT)
CH,
2,6-dibromotoluene B ¢
4.0 1200 1700 240 1700 perfect ordering
(26DBT)
CH,
toluene (a-phase) 28.5,26.0 (<400) ~ 1300 (<700) ~ 1300 freezing
methyl iodide CHj3! 2.44 (~10) (~10) (~10) (~42) not certain
perfect ordering (-CH,D)
methanol (a-phase) CH3;0H not known 870 870 0 900 .
not certain (-CHD,)
nitromethane [3] CH5NO, 35.1 310 1991 1551 1897 perfect ordering
N=C—-N CHs
(DMe-DCNQI),Cu [4] o N—can not known 1724 1724 not known | not known perfect ordering
(DMe-DCNQI)
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10.3 Conclusions

In this thesis, the results of the structural thermodynamic study on the orientational ordering of
partially deuterated methyl groups in solids have been described in detail. One of the important
discoveries is that the orientation of the methyl groups orders at low temperature in solid phase.
When the methyl groups are partially deuterated, the ordering process can clearly be observed in low
temperature heat capacities. The ordering occurs in either cooperative or non-cooperative manner. In
the latter case, the energy differences among the three orientations were determined from the
structure of the excess heat capacities. From the excess entropies, the freezing of ordering was also
detected. From the energy difference of the levels derived from the heat capacity, various geometries
of the methyl groups against the molecular frame were indicated.

The ordering process was also confirmed by IR spectroscopy, where the different orientations of
the methyl groups provided different IR absorption peaks of the C-H (C-D) stretching mode. From
the temperature dependence of the intensities of those peaks, each absorption peak was assigned to
the three levels obtained from the heat capacity measurement.

The angle dependence of the absorption frequency was estimated from the DFT calculation of the
single molecule. Comparing the results of calculation and the experimental spectra, possible
orientations were determined. Combining these with the results of heat capacity measurement, the
most stable orientation was also determined.

Since orientations of methyl groups in solids reflect the delicate balance of interactions, it is very
difficult to expect them from the molecular calculation. In addition, it is also difficult to determine
these orientations by X-ray diffraction measurements because of the small atomic scattering factor of
hydrogen. Only the neutron diffraction measurement for the deuterated compounds provides the
reliable information about the geometry of methyl groups in crystal. Therefore it is an achievement
of this work that one possibility is demonstrated to determine the orientations of methyl groups by

measuring the heat capacities of methyl partially deuterated compounds.
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