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Chapter 1 Introduction

1 Introduction

The relationship between the macroscopic properties and microscopic
structure of the material is a main research topic in molecular material science.
Free volume that exists due to static and dynamic disorder of the structure
influences the substance properties such as viscosity [1], structure relaxation,
physical aging, molecular transport [2], mobility, permeability etc. Free volume
IS more a geometric and descriptive concept than energetic. The combination
of the free volume concept with dynamics can give a complete understanding
of molecular material. So the quantitative measurement is requested to
describe free volume properly, including its total amount and size, structure,
distribution of its local constituents. There are several methods to detect the
free volume. Among them, one of the most extensively and successfully
applied techniques for determining the distribution of local free volume is the
positron annihilation lifetime spectroscopy (PALS) [3, 4].

Over the past half century, the positron method plays an important role in
material research, especially in defect characterization of semiconductors [5]
and metals. It can investigate defect types and their relative concentrations
through the analysis of the emitted y rays coming from the annihilation of the
positron with an electron with respect to their time distribution and energy or
angle of emission. Depending on the analysis type, we can apply different
positron measurement techniques [5], such as PALS (positron annihilation
lifetime spectroscopy), DBAR (Doppler broadening of annihilation radiation),
ACAR (angular correction of annihilation radiation), and special techniques
such as the slow positron beam and so on.

From the “Spur’” model [6, 7] and the Tao-Eldrup theory [8, 9], we obtain
qualitative and quantitative information on the formation and annihilation of
positronium in condensed matter and relate them to material parameters. For
positron techniques applied to molecular matter, it is the lifetime of
ortho-positronium, which reflects the nature of the electronic environment
around it and, therefore, structural inhomogeneities and density fluctuations.
Combined with other techniques such as PVT (pressure-volume-temperature)

experiments, researchers try to characterize the free volume as completely as
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possible. That is the aim of this work for selected molecular materials.

In this work, an effort goes to a comprehensive understanding of free
volume in all structures (amorphous, crystalline, solid, liquid) of molecular
material.

This thesis is subdivided into the following chapters:

In chapter 2, after a brief introduction of the definition of free volume, the
focus is on the molecular properties depending on free volume. The first
empirical free-space dependence of viscosity was established by Doolittle [1,
10-12]. Cohen and Turnbull [2, 13-15] deducted theoretically the relationship
between molecular transport and free volume, using a hard sphere model and
the assumption that molecular transport may happen when redistribution of the
free volume opens up voids having a volume larger than a critical value, and
the redistribution requires no energy. Molecular dynamics and ionic
conductivity that have relationship with free volume are also introduced in
chapter 2.

Chapter 3 presents the equation of state methods used to obtain specific
free volume. The pressure-volume-temperature (PVT) experiment that
supplies data for the analysis is also introduced in this chapter.

Chapter 4 exhibits the theoretical methods and molecular modeling used to
calculate microscopic subnanometer scale local free (hole) volume and its size
distribution.

Chapter 5 shows experimental technique to investigate local free volume:
positron annihilation lifetime spectroscopy (PALS). The analysis of positron
lifetime spectra and the calculation of the local free volume are revealed in this
chapter.

Chapter 6 discusses the PALS experimental results of high molecular-weight
organic materials: polymers. It includes the amorphous polymers
1,2-poly(butadiene) (PBD) and c-1,4-poly(isoprene) (PIP), as well as
semicrystalline polymers with long self-assembled semifluorinated side chains.
Other techniques such as pressure-volume-temperature (PVT), broadband
dielectric spectroscopy (BDS), electron spin resonance (ESR), differential
scanning calorimetry (DSC) and temperature-dependent small-angle X-ray
scattering (T-SAXS) experiments are employed for comparison.

Chapter 7 represents PALS, DSC, PVT, and BDS experimental results of

-2-



Chapter 1 Introduction

lonic liquids, a class of low molecular-weight organic materials. Six samples

with the same cation but different anions with different volumes are compared.

Positron lifetimes in different phases (crystalline solid, amorphous supercooled

and normal liquid) are explained. Systematic correlations between local free

volume and molecular volume of ionic liquid particles are exhibited and

discussed.
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2 Free volume, molecular transport and dynamics

2.1 Introduction to free volume

2.1.1 Definition

The definition of “free volume” V; is connected with empty microscopic space
that exists between molecules. Specific free volume equals the specific total
volume V (cm®/g) subtracted by the specific occupied volume, Voc:

V=V = Voee (2.1)

If we define Vo as van der Waals volume V,, that is the space occupied by
a molecule, which is impenetrable to other molecules with normal thermal
energies, then V; represents the total free volume. In a crystal, this free space
is well known as interstitial volume Vs. In amorphous molecular material, an
additional or excess free volume appears in form of irregularly subnanometer
size local free volumes due to the structural disorder. This decreases the
density of the material by about 10% compared with the corresponding crystal.
These local free volumes are frequently termed “holes”. They form the hole
free volume, which can be calculated from Eq. (2.1). Vi = Vi =V - Ve, here
Vocc INVolves now not only the van der Waals volume but also the interstitial free
volume, Voc = Vwt V5. The hole free volume governs the diffusion of small
molecules through molecular materials and also the molecular mobility [1, 2].
The occupied volume corresponds closely to the crystalline volume, Vo ~ Ve »
1.45 Vi [3].

The van der Waal volume can be calculated following Bondi's method
[4].The calculation requires the knowledge of the size of each atom in a
molecule as well as the bond length, angles etc. to take into account the
overlap of atoms covalently bound for forming the molecular unit. Van
Krevelen compiled tables of the contributions of many common polymer
groups of Vy [3].

The subnanometer scale local free (hole) volume can be defined as follows:

Ve =vp XNy’ (2.2)
where N,,’ (unit g™) is the specific hole number density and vis the average

hole volume.
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} Hole free volume
= e
| | Interstitial free volume

I

Molecular I Occupied

volume | Volume
|
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.
a b

Figure 2.1 Schematic representation of a. hole volume (black ellipsoids) concept; and
b. respective volumes.

Another parameter required in free volume concept is the (hole) free volume

fraction (denoted as f or h):

h=V/V (2.3)
with y=1—-h (2.4)
is the corresponding occupied fraction.

For a point-like probe, the local free volume does not appear as discrete
individual holes, but is continuous with strong local fluctuations in size, shape
and number density of the local free spaces (compare Figure 2.1a). It can be
modeled by individual holes connected by narrow channels, for example.
Probe atoms of finite size such as the positronium atom or gas atoms can be
localized in a single hole. Then the free volume appears as a sum of isolated

holes.

2.1.2 Simha-Boyer model

The Simha-Boyer [5] model is a way to describe and classify the free volume
and the occupied volume. It is based on an iso-free volume model [6]. As seen
from Figure 2.2, below and above glass transition temperature T, the specific
volume linearly expands with temperature. The expansion coefficient jumps at
T4. So we can write the specific volume changes with temperature as follows:

V(M) =V,(0)+ny, xT T<T, (2.5)
V(D) =) +n.xT T>T, (2.6)
where 1;(0) and V;.(0) are the volume of V,(T) and V.(T) extrapolated to
absolute 0 K. ng = (0V/0T)r<r, and n, = (9V/0T)r>r, are expansivities of
glass and rubbery phase, respectively. In this model, V,.(0) is the hypothetical

-5-
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occupied volume at absolute 0 K. And the free volume is AV, (0) = V,(0) —

V(0) = V,(T,) = V,(T,) = AV,(T,), which means the free volume doesn't
change below Tg4. So the expansion of the specific volume is mainly due to the
occupied volume. That is due to inharmonic oscillations of the chains as in
crystalline materials. When the temperature is higher than T, the expansion of
the specific volume is mainly determined by the free volume. That's due to the
movement of chain segments, which is ‘frozen’ at glassy state. The expansivity

is assumed to be the same for the occupied volume in the whole temperature

range.
V(T)
’ V(T) f
Vn(0)|ﬁ‘;"_|0‘j. - 1:.1/‘173 = VNE
V)
VW
Glass Rubber
1"g T .

Figure 2.2 Simha-Boyer model of expansion of an amorphous polymer with temperature.
In this model, a relationship between the coefficient of cubical expansion for
a 100% amorphous polymer a = n/V and Ty is also established:
(ar —ay)xT, =K, (2.7)
a, xTy =K, (2.8)
where K; =0.113 and K, = 0.164 [5] are constant for a wide variety of polymers

differing in cohesive energy density, chain stiffness and geometry.

2.2 Free volume dependency of molecular liquid properties

Free volume appears due to the structural, static and dynamic disorder. It
has important influence on molecular properties, such as viscosity [7-10],
molecular transport [1, 2, 11], structural relaxation and physical aging. Fox and
Flory [12, 13] attributed the glass transition to the falling of the free volume

below some critical value.

2.2.1 Viscosity of molecular liquids
Vogel-Fulcher-Tammann (VFT) equation

-6-
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The famous empirical VFT equation is first proposed by Vogel [14], later
applied in various liquids by Tammann, Hesse [15] and Fulcher [16]. The VFT

eguation connects viscosity with temperature.

Inn=A4+

(2.9)

T-T,
n represents the viscosity of the fluid in question; T is the temperature; A, B
and T, (the Vogel temperature) are constants. The VFT equation is not only

applied in viscosity, but also in molecular dynamics.

Doolittle
Doolittle connects the free volume with the viscosity of molecular liquids [7]:
n=AX eB/(Vf/”o), or Inn = B(vo/vf) +1InA (2.10)
here, n is the coefficient of viscosity; vf/v, is the relative free space for a
single substance; A and B are constants for a single substance.

The idea behind his work is that the resistance to flow in a liquid depends
upon the relative volume of molecules present per unit of free-space.

Doolittle compared the viscosity relationship of the free volume with that of
the temperature. He concluded that the relative free-space is the direct
variable, instead of absolute temperature, that defines the viscosity of
molecular liquids as precisely as the accuracy of the measurements

themselves.

2.2.2 Molecular transport

Cohen-Turnbull

Cohen and Turnbull [1, 2, 11, 17] gave a theoretical deduction of the free
volume influence of the transport property in liquids. They assumed a hard
sphere model and treated diffusion as translation of a molecule across the void
within its cage, not as a result of activation but rather as a result of
redistribution of the free volume within the liquid. Their basic ideas are:
molecular transport may occur only when voids having a volume greater than
some critical value v* formed by the statistical redistribution of the free
volume, and no energy is required for free volume redistribution. Based on
these ideas they obtained an expression which relates the diffusion constant

with the free volume (in this work, the free volume is in fact microscopic
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volume in subnanometer scale):

D = ga*u exp[—(yv*)/vf ] (2.11)
here: D is the diffusion constant; g is a geometrical factor; a* is
approximately equal to the molecular diameter; u is the average speed of
molecules; y is constant for a single substance and has a physical meaning
that represents the overlap of free volume, so its value limits from 0.5 to 1;
v* is the minimum required volume of the void; vy is the average free volume
for one molecule.

Cohen and Turnbull fitted this equation for several van der Waals liquids
(carbon tetrachloride; 2,3-dimethylbutane; 2,2-dimethylbutane and i-butyl
bromide) [1], and the magnitudes of the constants are reasonable in all cases:
the critical void v* is near the van der Waals volume v,. For the two limits of
the y values: y =1, 0.66v, < v* < 0.86v,; 1.32v, < v* < 1.7y, with y =1/2.
For liquid metals (Na, Hg, Ag, Pb, Sn, In, Ga), v* is in most cases near the
volume of the ion core.

They also draw a conclusion: liquid and glassy states together comprise a
single thermodynamically well-defined phase and glass transition results
ideally from the freezing out of free volume [17].

If the free volume is assumed to have a linear expansion with temperature,

one obtains the VFT equation from the Cohen-Turnbull theory.

2.2.3 Molecular dynamics
Williams-Landel-Ferry (WLF) equation

The empirical WLF equation was derived by Williams, Landel and Ferry [18]:

—c1(T-Ty)

Ina, =
T (c3+T-Ty)

(2.12)

T is the temperature; ar is the ratio of the mechanical or dielectric relaxation
times (7) at temperature T to their values at a reference temperature T,, SO
ar =7tr/Tr,; ¢1, ¢; and c¢ are constants. The WLF equation (2.12) is
equivalent to VFT equation (2.9) with ¢; =T, — T, and ¢ = B/cj.

If T, lies about 50 K above the glass transition temperature T;, over a
temperature range of T, + 50, ¢] =8.86, ¢; =101.6. This applies to a wide

variety of polymers, polymer solutions, organic glass-forming liquids and
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inorganic glasses. If, alternatively, the reference temperature is chosen as T,
then ¢ =17.44, ¢; =51.6. Above T.+50 (or T;+100) the equation fails
because different systems show specific properties such as apparent
activation energy, which are no longer dominated by the non-specific behavior
associated with supercooling and vitrification.

By modification of Doolittle’s free-space equation for viscosity and relating it

with the WLF equation, they obtained:

1 1

logar = () (? - E) (2.13)

here, f, is the fractional free volume at T,. Substitution of f =f,+

az(T — Tg) in (2.13), a, is the thermal expansion coefficients, yields:

T-T, f,
log oty = (2_3032) /(Lrr-1,) (2.14)
which is identical with (2.12), by comparing the constants: a,=4.8x10™ K™
and f,=0.025. Both values are in good agreement with experiment result.

They concluded that temperature dependence of properties in supercooled,
glass-forming liquids arises from the fact that the rates of all such processes

depend on temperature primarily through their dependence on free volume.

2.2.4 lonic conductivity

The relationship of the ionic conductivity with the free volume has been
researched extensively [19-22].

Using the Nernst-Einstein conductivity-diffusion equation:

__ ng?D
0=—— (2.15)

where n is the concentration of charge carriers and q the charge; k and T
are Boltzmann constant and absolute temperature, respectively. D is the
diffusion coefficient and can be substituted by the Cohen-Turnbull equation
(2.11):

__nq*ga‘u

o =2 exp[—(yv*) /vy | (2.16)

From the kinetic theory, u, which represents the molecular average speed,

varies as VT, and the remaining terms are temperature independent or the
dependence can be neglected compared with free volume change, so:

C

o= ﬁexp[—(yv*)/vf] (2.17)
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Bamford et al. [19] compared the relationship between ionic conductivity and
free volume from positron annihilation spectroscopy of two polymeric samples:
neat poly[(ethylene glycol).sdimethacrylate][poly((EG).sDMA)] and the same
polymer doped with 0.6 mol/kg LICF3SOs3. The result is shown in Figure 2.3:

10°

—
<
s
#

e 1 Figure 2.3 Variation of oT%5 with the
1 reciprocal mean local free volume 1/v;, in
doped (circles with 0.6 mol/kg LiCF;SO3)
and pure (squares) poly[(EG),;sDMA] [19].

_Q:.
7,
/f

o T (S'K"°lem)
S,
"]
8/
-
J
|

-k

Q
R
=

b

o
2
@

6 8 10 12 14 16 18202224
1N, (1/nm)
From equation (2.17), oT%> should have a linear dependence with 1/v,,.

The experiment has a perfect agreement with the conduction - free volume
relationship (2.17) in the temperature range 250 K to 350 K for the doped
sample and 240 K to 285 K for the pure sample. Actually the high temperature
limit is the knee temperature Ty for positron annihilation lifetime spectroscopy,
at which the positron lifetime no longer represents the local free volume
correctly because of the high vibration of segmental movement of the polymer.
But if we employ the total free volume from pressure-volume-temperature
experiment, we could obtain the conclusion that the local free volume
increases linearly with temperature as the range below the knee temperature,
so when we extrapolate the hole volume above knee temperature, the
agreement between experiment and equation (2.17) is still valid as figure 2.4
[20] shows. In this case, the free volume relationship of the conductivity has a
larger valid temperature range than the temperature relationship from the
Vogel-Tamman-Fulcher equation [14-16].

The low temperature limit is around the glass transition of the polymer, since
the Cohen-Turnbull theory considers the diffusion as the result of redistribution
of free volume, which only happens in liquids. So after the glass transition,

equation (2.17) is no longer valid.

-10 -
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Figure 2.4 Variation of oT%% with the
reciprocal mean local free volume 1/v, in
poly(ethylene oxide) doped with LiCIlO,.
Dash-dotted line: Cohen-Turnbull fit. Crosses:
v, as obtained from extrapolation of the

linear fit in the range T<Ty. [20]
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3 Free volume from the equation of state

3.1 Introduction

The free volume has an influential relation with molecular material properties.
It is important to obtain accurate value of the free volume. It can be calculated
from fitting the pressure-volume-temperature (PVT) experiment data from
equation of state. When dealing with gas molecular problem, we use the ideal
gas equation of state: pV=nRT. While the pressure increases and the
temperature decreases, the ideal equation is no longer valid. We need a
modification. Then comes the van der Waals equation, which includes two
parameters concerning only the substance. We can get them from the fitting of
the equation of state with PVT data. This method is also applied in liquids to

characterize physical properties and calculate the free volume.

3.2 Tait equation

The empirical Tait equation is extensively used to fit volume data over a wide

pressure and temperature range with good accuracy [1-5]. The form is:

1 1 P

V.(P,T) = ST 2D (1-CIn(1 + B(T))) (3.1
_r _ 2
S~ Qo +a,XT+a, xT (3.2)

here: Vs is the specific volume that represents the volume of unit mass, so it is
the reverse of density p; P and T are pressure and temperature respectively;
C,ay,a,,a,,b,, and b;are six parameters that need to be fitted from
pressure-volume-temperature experiment. When the parameters are known,
the equation can be used to interpolate or extrapolate the volume data. The

thermal expansion and isothermal compressibility can be obtained from the

relations:
p= (aln‘;s;P'T))p - a0+::iiixr2 N (B(T)+P)xlzll>i{l::(i+P/B(T))) (3.4)
=3, -+ E-n( )} @9

3.3 The Sanchez-Lacombe equation of state

Sanchez and Lacombe established an elementary molecular theory of
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classical fluids [6]. The model fluid is reduced to classical lattice gas,

characterized as an Ising or lattice fluid. So this theory is also called lattice fluid
(LF) theory. A mean field approximation is used in this model. As illustrated in
figure 3.1, the fluid is modeled as a system of N molecules each occupied r
sites (r-mer) and Ny vacant lattice sites (holes). So the total number of lattice
sites is N;=No+rN. Introducing the coordination number of the lattice z, the
symmetry number o, the flexibility parameter §, which is a measure of internal

degrees of freedom, the number of configurations can be calculated:
Q= <§>N%(’,§—ij 2 (3.6)
Using Sterling’s approximation: n! = (n/e)" results in:

lim, o 2 = (") (3.7)
here, w = 8r/ce™™1; f, = Ny/N,., is the empty site fraction; f = rN/N,, is the
fraction of occupied sites.

The lattice (potential) energy is:
E = —N,(ze/2)f? (3.8)
Define closely packed volume V* = N(rv*), here v* represents the site
volume of a mer/hole. The volume of the system V = (N, + rN)v* = N,.v* =
V*/f. So:
E/rN = —e*(V*/V) = —¢*f (3.9)
where, €* = ze/2, € is the nonbonded, mer-mer interaction energy.
Now we can get the configurational partition function:
Z(T,P) = Xy, Qexp[—B(E + PV)] (3.10)
And Gibbs free energy G:
G = —kTInZ(T,P) = E + PV — kTInQ (3.11)
Using (3.7) and (3.9), reducing variables dimensionless and minimizing the
value of free energy, the Sanchez-Lacombe equation of state is presented as:
pE+P+T[In(1-p)+(1—-1/r)p]=0 (3.12)
here: p=1/%, T, P, ¥ and p are reduced temperature, pressure, volume
and density, T=T/T*, T*=¢€*/k; P=P/P*, P*=¢*/v*; D=1/p=V/V*,
V* = N(rv").
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Figure 3.1 Two-dimensional example of a pure
lattice fluid. Hexamers are distributed over the
lattice, but not all sites are occupied. The fraction
of sites occupied is denoted by p [7].
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In the Sanchez-Lacombe equation of state, the microscopic parameters
which have specific physical meanings are connected with the macroscopic
parameters P and T. In fact the model fluid can be completely characterized by
three molecular parameters: €*, v* and r. They correspondto T*, P* and p*.
The molecular weight M relates to the scale factors and r by:

RT*p*/P* =v*p* = M/r (3.13)
P*v*/RT* =1 (3.14)
3.4 The Simha-Somcynsky lattice-hole theory

Figure 3.2 Illustration of the lattice-hole model and arrangement of occupied as well as
unoccupied cells in the Simha-Somcynsky equation of state theory [8].

The lattice-hole model of S-S eos (Simha-Somcynsky equation of state)
theory [9, 10] describes the liquid as randomly distributed equal size molecules
in a periodic lattice. Figure 3.2 illustrates the lattic-hole model and shows the
arrangement of occupied as well as unoccupied cells in the theory. Each lattice
point (cell) has 12 next neighbors and is statistically occupied with a fraction of
y<1 segments (s-mers) [8]. The occupied cell is composed by van der Waals
volume of the s-mers (Vy, filled circles) and empty volume inherent to packing
of molecules (interstitial free volume Vj). So the occupied volume can be
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presented as: V,.. = yV =V, + V;;. The empty cells appear as vacancies with
a typical size of 30 — 60 A® and form the excess free volume: Ve = hV, where
h=1-y.

We assume the occupied lattice-site fraction y being expressed as a function
of specific volume V and temperature T: y = y(V, T). Then the configurational
or Helmholtz free energy F is a function of specific volume V, temperature T
and occupied volume fractiony: F=F(V, T, y)

When the S-S theory is applied in polymers, we assume there are N
macromolecules. Each macromolecule consisting of a number of n chemical
repeat units, n-mers, with unit molecular weight Mg, is divided into equivalent
segments s-mers (the cells shown in Figure 3.2), with cell molecular weight M,
S0 sMp = NnMyep. Then another equation of the occupied volume fraction y is:
= sN/(sN + N$5). sN is the cell number that occupied randomly by s-mers,
sN + N;*° is the number of total cell sites that is available. So N;° is the
number of unoccupied lattice sites of the S-S theory. The unoccupied fraction
is denoted by h =1 -y, it's also a function of V and T: h = h(V, T).

From statistical thermodynamics, the configurational free energy is:
F = —kgTIn(Z), where Z is the partition function of the system. Then we can
get the first equation of state from the relationship between pressure and
Helmholtz free energy P = —(9F/dV):

PV/T =[1-n]""+2yQ?(4Q%? — B)/T (3.15)
where Q = (y¥)~! and n = 2'/¢yQ'/3 are dimensionless quantities, A=1.011
and B=1.2045. P, V and T are reduced variables: P = P/P*, V =V /V*,

T =T/T*, where P*, V* and T* are characteristic scaling parameters:

*
" zqe

Pt =— (3.16a)
r _ Z4g”

T" =—- (3.16b)
s v

V= ™ (3.16¢0)

here: s is the number of segments per chain of molar mass M; 3c is the
number of external degrees of freedom per chain; My is the segmental molar
mass M/s; v* is the molar repulsion volume of segments; & is the molar
attraction energy between segments; qz=s(z-2)+2 is the number of

intermolecular contacts, z equals 12 in this model. Furthermore, by eliminating:
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PV

=GO (3.17)

By minimizing the Helmholtz free energy with respect toy, (0F/dy)yr =0,

assuming for polymers s— oo and a flexibility ratio of s/3c = 1, we get the
second equation of state:
[1+y~ ' In(1 =] = [yV2yV)™/3 = 1/3] x [1 = y(2/2yV) 3] +

2 [2.409(yV) 72 ~3.033(y¥)™*] (3.18)

By pressure-volume-temperature (PVT) experiments, which will be
described in detail in the next section, we apply a pressure P at a temperature
T, and measure the specific volume V. Substituting these values in the coupled
equations (3.17) and (3.18), in theory, we can solve the y value. Then the
occupied volume: Voc=yV, and the free volume: Vi=V-Vo.=hV=(1-y)V can be
obtained. But since the form of the two equations is complicated, in practice,
we use other simplified method to determine the y value [11].

It was shown that both S-S equations may be replaced in the temperature
and pressure ranges T = 0.016 to 0.071 and P = 0 to 0.35 by the universal
interpolation expression [11]:

InV(P,T) = ag + a,T3/? + Pla, + (a3 + a,P + asP?)T?] (3.19)
where ag =-0.10346, a; = 23.854, a; = -0.1320, az = -333.7, a4 =1032.5, and as
= -1329.9. The usual way of analysis is to fit equation (3.19) to the
experimental data from PVT experiments in the temperature range T > T, to
obtain the scaling parameters V*, T*, and P*. With the scaling parameters and
the known specific volume V one can calculate the fractions of occupied sites,
y, and hole sites, h = 1- y, from a numerical solution of equation (3.18). We
remark that for the zero pressure equation (3.19) modifies to the simple
expression IN(V/V*) = ag + ay(T/T*)*2.

3.5 Pressure-volume-temperature (PVT) experiment

In this work PVT experiments [4, 12] are applied to determine the
temperature and pressure dependence of the specific volume. These data are
analysed by the Tait, Simha-Somcynsky and Sanchez-Lacombe equation of
state in order to estimate the fraction of free volume holes, h, and the specific
hole free volume, Vi =Vi = hVs,. These data will be correlated with the local

free volume from positron annihilation lifetime spectroscopy and the number
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den5|ty of holes is determined. This approach was first employed by the

Cleveland group and their guests [13-17], later used by Maurer and co-workers
[18, 19] and our group in Halle [3, 20, 21]. In this work, PVT experiment data
were supplied by Dr. J. Pionteck (Leibniz-Institut fur Polymerforschung
Dresden e.V.) and Dirk Pfefferkorn from the Institute of Chemistry of the
Martin-Luther-University Halle-Wittenberg.

The PVT experiments were carried out by means of a fully automated
GNOMIX high pressure mercury dilatometer [22]. Figure 3.3 shows a scheme
of the machine. The apparatus is described in detail in Ref. [23, 24]. The
principle of the GNOMIX-PVT apparatus is the confining fluid technique. In this
technique the material studied is surrounded by a confining fluid, which
ensures that the material is under hydrostatic pressure at all times. The
apparatus is able to collect PVT data in the range from 10 MPa to 200 MPa in
typical increments of 10 MPa, and from room temperature up to 400 °C. In the
isothermal standard runs the values for 0 MPa (actually the value for
atmospheric pressure) are obtained by extrapolation of the values for 10 MPa
to 30 MPa in steps of 1 MPa according to the Tait equation for each
temperature using the standard PVT software [23].

(€} 1694 BY GNOMIX, INC. —— ALL RIGHTS RESERVED

I i i TOP PLATE
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PIEZOMETER i
—__H
3
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(wehemotic, not to scale)

Figure 3.3 Schematic representation of a Gnomix machine for PVT-measurements. For
details see Refs. [22-24].
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While the accuracy limit for the absolute values of the specific volume is
within 0.002 cm®/g (above 240°C 0.004 cm®(g), volume changes as small as

0.0002 cm®g can be resolved reliably. For the measurements, mercury is used
as the confining fluid. About 1.5 mL of the material embedded in a nickel foil
cup was used for the PVT studies. The nickel cup ensures that the material
does not stick to the wall of the cell and that at all times the hydrostatic
pressure is maintained on the sample [25]. The overall volume of the sample
cell is about 7.1 cm®.

To evaluate the PVT data it is necessary to know the specific volume of the
material at ambient conditions, which is normally determined pycnometrically.

In this work a Helium pycnometer is usually used.
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4 Local free volume concentration and size distribution

4.1 Introduction

The role of free volume in molecular material properties is influential. The
specific free volume can be obtained by fitting pressure-volume-temperature
(PVT) experiment data to the equation of state. Nevertheless, to understand
the underlying mechanism about the free volume dependence of molecular
properties, we need to characterize the free volume configuration as
completely as possible.

To have a comprehension of free volume structure, several parameters of
subnanometer scale local free (hole) volume are needed: mean size, size
distribution and its number density. There are theoretical methods to calculate
these parameters as well as molecular modeling methods to obtain the hole
size concentration.

Although the quantitative total specific volume can be connected with
molecular properties, it is in fact the microscopic hole volume which has a
fundamental effect to the physics. Hole size and shape play an influential role
in the solvation [1, 2] and mixing processes [3], small molecular permeation
through hole volume is important in membrane research [4], and most
important, accurately characterizing hole size distribution and its concentration

is essential to understand the microscopic structure of molecular materials.

4.2 Furth’s hole theory of liquids

The idea behind the classical hole theory of Firth [5] is very simple and
descriptive: the hole forming energy is equal to the sum of work to be done

against surface tension and pressure:

“

\ Figure 4.1 Forces that applied to a hole.

= Ts

E, = gnr3(p — Do) + 4nrio (4.1)
here, p is the external pressure, p,(T) is the pressure of the saturated vapor

and o(T) is the surface tension of the liquid. Through a series assumptions
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and classical thermodynamic statistical mechanics calculation, he got the

single hole volume distribution and the average single hole volume in relation

with the surface tension:

2

W, (r)dr = Cye R2rdr (4.2)
3
vo = 0.68(5)2 (4.3)

here, R = \/kT /4na, C, =%R‘7 , k is the Boltzmann constant and T is

the temperature.

From above, we obtain the single hole volume distribution and its mean size.
But the holes are not individual without interaction with other holes. Like
particles, the holes can congregate together and form groups or clusters
through thermal movement of the particles. This coalesce procedure is totally
random and follows thermodynamic mechanical laws.

Figure 4.2 shows n-fold holes frequency function for A and C type (size of a
single hole is either much smaller or larger compared with the size of a particle,
respectively) [5]. From this graph, we see a maximum at n=11, which means
most of the holes in A and C conditions [5] are complex holes buildup of 11
single holes.

Jin)/NC
H

Figure 4.2 Frequency of n-fold holes
distribution for type A and C [5].
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Figure 4.3 is from one of our publications [6] that compare the hole volume
distribution from Firth theory [5] and positron annihilation lifetime spectroscopy.
They are in good agreement and show a Poisson like distribution.

Figure 4.4 is also from our work [6]. It shows the temperature dependence of
the average hole volume. The local mean free volumes from Furth theory and
positron lifetime are in the same trend and magnitude. After melting, positron
lifetime can no longer represent the correct hole volume because of intense

molecular motion. But from the specific free volume (right axis) obtained from
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the pressure-volume-temperature experiment, we see the Furth theory is still

valid and both, the specific free volume and the mean hole volume increase

with temperature linearly and the hole number density is constant.
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4.3 Hirai-Eyring hole theory

Figure 4.3 Comparison of volume
distribution between Firth theory
and positron annihilation lifetime
spectroscopy for the ionic liquid
[CsMIM][NTT,] [6].

Figure 4.4 Temperature dependence of
mean local free volume from Firth
theory and positron annihilation
lifetime spectroscopy. The specific free
volume (right axis) is from pressure
-volume-temperature experiment.

Hirai and Eyring [7] derived an equation for the number of holes in a liquid in

a way similar as Schottky for crystals. In the Hirai-Eyring model, a mixing

system with No molecules and Ny holes behaving the same way as for Np

polymer molecules and Ny solvent molecules is assumed. It is not necessary

that the volume of a hole, vy, is the same as the molecular volume vy. Usually it

is smaller. The mixing entropy for this system is [8]:

ASy = k{NpIn[N,,/(nNy + Ny)] + Noln[nNy/(nNy + Np)|

-24 -

(4.4)



Chapter 4 Local free volume concentration and size distribution

here, n = v,/v,, the ratio of molecular volume to hole volume; k is the

Boltzmann’s constant. The total entropy increase due to introduction of holes
IS:
AS = ASy + NS, (4.5)
Sy is the entropy, which relates to each hole. The enthalpy of hole introduction
is:
AH = NpHy = Ny (e, + Pvy) (4.6)
H, and ¢, are enthalpy and energy of hole formation, respectively. P is the
pressure.
Minimizing the Gibbs free energy AG = AH —TAS with respect to N,
JdAG /0N, = 0, one obtains the Hirai-Eyring equation:

1 €ptPvp
1na+1ng—(1—;)g+T—0 4.7)
g = Np/(nNg + Nyp) (4.8)
Inoc =1-1/n—-5/k (4.9)

Hirai and Eyring made the approximation of neglecting N, in the

denominator, then (4.7) can be written as:

Np _ 1 _EntPvn
e = aexp( - ) (4.10)

The volume is:
V= NOUO + thh = Vo[]. + (Nh/nNo)] (411)
Vy = Nyvy. When putting (4.10) into (4.11), the equation of state is obtained:

_ 1 EptpUp
V = Vo[l +exp (- 221 (4.12)

Smith [9] fitted the Hirai-Eyring equation of state for 5 different materials and
got the parameters for equation (4.12): V,, o, €, and v,. Figure 4.5 shows
the fitting results for polystyrene and the fitted parameters for different
polymers.

The fitting is in good agreement with the experimental data at low pressure
and temperature, but large deviation at high pressure and temperature is
obtained. That is because of the assumption of the temperature/pressure
independence of v, of the author [9]. Ignoring this factor, the fitting
parameters obtained are very reasonable. The occupied volume V, for PMMA
is 0.79 cm®g, that value is similar to the positron lifetime result. The v, for
PMMA is 19 cm®/mol, that is 31.56 A3. This is also in the same magnitude of

-25-



1 A N
Y& Chapter 4 Local free volume concentration and size distribution

the local free volume from positron annihilation lifetime spectroscopy [10].
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Figure 4.5 Left: Points: experiment data; Lines: fitting
result from Hirai-Eyring equation of state. Right: fitting

o.96} parameters [9].

0.94}

0.92

4.4 Molecular modeling

Besides theory and experiment, numerical calculation and simulation
methods introduce great contributions in physics with the explosive
development of computation technology. Molecular modeling can be used to
research free volume and provide a descriptive demonstration of its structure,
different aspects and deeper physical insight.

Veld et al. [11] developed a new algorithm using energetic rather than
geometric consideration. They applied this method to hard sphere (HS) fluids,
Lennard-Jones (LJ) fluids, SPC/E water and two isomeric polyimides to show
the universal application of this computational method to any liquid structure.
In their model, a cavity is a spherical volume with a local minimum center in a

repulsive particle energy field.
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Figure 4.6 Cavity size distribution for para- and meta-polyimide isomers [11].
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At first, they use Monte Carlo or molecular dynamic simulation to generate
liquid or glass structure; Then fix the particles in their equilibrium position and
substitute repulsive force field from Lennard-Jones interaction; A trial repulsive
particle is randomly inserted into the repulsive force field to determine local
minimum for the cavity center; At this time, attractive part of Lennard-Jones
interaction is turned on to decide the cavity diameter, and then the volume
distribution is determined. Figure 4.6 shows the size distribution of two isomers
(para and meta polyimide). We can see that although the chemical
components are identical, apparent difference in size distribution and mean
value is obtained from this molecular model. The average cavity size is 5.0 A
for meta isomer, smaller than the para isomer with a value of 5.4A. These
values are close to the value from the positron annihilation lifetime [12]
experiment. They tested the result with carbon dioxide diffusion in these
iIsomers. The diffusion is faster in para isomer, which is in agreement with the
modeling outcome.

Hofmann et al. [13] used packing model and COMPASS force field [14, 15].
They utilize the Amorphous Cell module of the Insightll/Discover Software of
Molecular Simulations Inc.

This model structure is verified by the Gusev-Suter Monte Carlo method and

experimental parameters of diffusivity and solubility.

1 2 3 4

Figure 4.7 Visualization of free volume from simulation for PFPDMSS sample in
equilibrated state. From al to d3 are 3.05 A thick slices cut perpendicular to the z-axis from
3D packing model cubes [13].

Figure 4.7 is the visualization of a 3 dimension packing model by 3.05 A
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thickness slices cut perpendicular to z-axis for a poly(p- vy -

trifluoropropyldimethyl silylstyrene) (PFPDMSS) sample. The sequence is from
al to d3.

To determine the fractional free volume (FFV) and free volume elements
(FVE), they assume that the atoms of the polymer chain are hard spheres with
van der Waals radius, and utilize a test particle (in this case, positronium with
1.1 A radius to compare with positron annihilation lifetime spectroscopy). To
decide the FVE, two connect styles are considered as shown in figure 4.8:
V-connect method takes all connected volumes together as one free volume
element; R_max separates them into individual element. To compare with a

positron lifetime experiment, R_max is more suited.

™ ™ TN
/ /f
ﬂ [
N 1 1 3
~ — ] Figure 4.8 V-connect (left) and R_max
A\ (right) view of a large hole of complex
! topology [13].
—
V _connect R _max
one “global* region three “local™ regions

Figure 4.9 shows the size distribution of free volume elements for the
sample PFPDMSS from the R_max method.

3000 -
— | CIR_max
g 2500 — 5 point smoothing
i 2000 PFPDMSS 1 Figure 4.9 Size distribution of free volume
¥ I elements (FVE) for PFPDMSS from R_max
s 1 method [13].
£ 1m0} ]
H
3 st |
0 (L . .
0 2 4 6 8 10

Cavity radius of FVE A1

Figure 4.10 is the size distribution of free volume elements from positron
lifetime spectroscopy. Both size distributions from molecular modeling and
positron lifetime experiment show a single Gaussian peak. A peak shift is
observed between the molecular model (2 A) and the positron lifetime

experiment (3.6 A). This may be caused by the random movement of the
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positronium in three dimensions, so there is the possibility that Ps moves

through neighboring volumes and count it as one free volume element.
OR T

b 1.
/ 1 Figure 4.10 Size distribution of free volume
€ oa AR element (FVE) from positron lifetime
[ 3 experiment for PFPDMSS.
L‘; 9
02 5 'Ic

8
Rin A

Besides the peak discrepancy, the size distribution from modeling and the

positron lifetime results are in good agreement for a series of polymer samples
[13, 16].
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5 Positron annihilation studies of the free volume

5.1 Introduction

The positron (e) was discovered by Carl D. Anderson as a constituent of
cosmic rays in 1932 [1], while its existence was postulated by Paul Dirac four
years earlier [2]. The discovery of positron is a great event in physics since it’s
the first evidence of antimatter existence. It represents a reform of physics
concept and theory.

The significance of positron is not only in theory but also in application. PET
(Positron Emission Tomography) is a nuclear medical imaging technique,
producing three-dimensional images of functional processes in the body. Like
the electron, positron can also be used in microscopic techniques (Scanning
Positron Microscopy SPM, Transmission Positron Microscopy TPM) but
exhibits different aspect of material information. There are also other
techniques like ACAR (Angular Correction of Annihilation Radiation), Positron
Diffraction technique, PAES (Positron-annihilation induced Auger Electron
Spectroscopy), which are important experimental methods to investigate
materials. Among these applications, the most traditional and conventional
methods in material research are PALS (Positron Annihilation Lifetime
Spectroscopy), CDB (Coincidence Doppler Broadening) and Slow Positron

Beam technique [3, 4].

5.2 Positron generation

There are mainly two ways to generate positron: pair production and
radioactive decay.

When a photon reaches energy exceeding twice the rest mass of electron
(1.022 MeV), according to the Einstein’s Mass-Energy equivalence E=mc?, it
can produce an electron and a positron. This process is called pair production.

Apart from the conservation law of energy, this process should also follow
the conservation law of momentum, angular momentum and charge.

Almost all the elements known have B* radioactive isotopes, but only few
of them can be used in the positron annihilation lifetime spectroscopy (PALS)
experiment. For this usage, the isotope should have proper half-life and it
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should emit a signal when the positron is ejected from the source as a start

(time zero) sign. The economic aspect should also be considered. ?Na fits our
requirement quite well, so normally, the researchers use it as the radioactive

source in the lifetime experiment. Figure 5.1 is the decay scheme of *’Na.

EJNa
N
N electron capture(10%)
\ . positron emission(90%)
Y
positron emission(0.05%) \\ = ”[\]e
\\ 1.28 MeV 7 ray
N ’ 2
e “Ne

Figure 5.1 Decay scheme of sodium 22 to neon.

The half-life of sodium 22 is 2.602 years. After one of the protons in #’Na
emits a positron and becomes a neutron, the ?’Na transforms to excited state
of #’Ne. It's not stable and emits a photon of 1.28 MeV to ground state just 3 ps
later. Since this time is negligible compared to the positron lifetime in material
(larger than 100 ps), the photon emission is considered simultaneous with the
positron emission. This photon is applied as start signal of the PALS
experiment.

5.3 Positron property

The positron is the anti-particle of the electron. It has the physical properties
all identical to the electron (rest mass corresponding to 511 keV, spin: 1/2)
except charge (+1electron charge). It can annihilate with an electron under
emission of photons. In this process the conservation of energy, momentum
and spin is required. The annihilation of the free positron occurs mainly into

two photons, and, with a much lower probability (1/137), into three photons [5].

5.4 Positron annihilation lifetime spectroscopy (PALS)

When the " source 22Na ejects a positron, it ejects a photon of 1.28 MeV at
the same time, which is applied as a start signal for the lifetime measurement.
After the positron annihilates with an electron, it emits two photons each of 511
keV, used as stop signal. The time difference between the emission of start
and stop rays corresponds to the lifetime of the annihilating positron. When
positrons annihilate in a material with a constant electron density, the lifetimes

of individual positrons are distributed as an exponential decreasing function.
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The time constant of this function is called mean positron lifetime, or for
shortness, positron lifetime. The typical value of positron lifetime in bulk of
metals and semiconductors is around 100 ps to 400 ps [6]. If the positron is
trapped by a vacancy, due to the decrease of the electron density, the lifetime
will increase. In bulk materials the thermalization duration (about 1 ps) is short
comparing to the positron lifetime and can be ignored. But in some gaseous
environments (particularly noble gases), the time for a positron approaching to
thermal energy is much longer, about 1-100 ns. Then the time for a positron to

come to thermal equilibrium with its surroundings needs to be considered.

5.4.1 Instrument system

The lifetime spectrometer is based on conventional fast/fast coincidence
system. Figure 5.2 shows the instrument system of the positron lifetime
experiment, including 22Na,CO; source sandwiched with two identical sample
sheets, plastic scintillators, photomultiplier tubes (PMT), high voltage and
electronic signal analysis modulus (differential constant fraction discriminator
(DCFD), Time-to-Amplitude converter (TAC), Multichannel Analyzer (MCA),
delay cables and computer). The Nuclear Instrumentation Module fits NIM
standard specifications: 19 inches wide case, 12 sockets with width of 34.4
mm and the modulus fit into standard power supply bins (+24V, +12V, +
6V).

High Plastic Sample,Kapton Hiah
Voltage Scintillator ~ Source **Na th)Elltage
Start Stop
PMT PMT(XP2020)
DCFD ____ Start ) TAC Staop DCFD
7029a [ Signal 566 Signal \7029a
Delay
MCA Cable
919
Computer

Figure 5.2 Scheme of positron annihilation lifetime spectroscopy (PALS) instrument system.
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5.4.2 Positron source

In the experiment, | use 7 pm thick Kapton foil to seal the 2Na,COs positron
source in a sphere of 7mm diameter. It has the advantage that Kapton has the
same lifetime as the source ??Na,COs; (0.38 ns). The source activity is around
10° Bq. The Kapton source is covered by an extra Kapton foil (7 um) each side
in order to prevent contamination of the sample, since polymer sample may
melt at high temperature and stick to the source. The positrons emitted from
the source will partly annihilate in the source material (**Na,COs) and Kapton
covering the source, so we need a source correction which is determined
using a defect-free p-type Si reference sample of known lifetime.

Since the highest kinetic energy of positrons from g radioactivity is 540 keV
in ?Na, it will go through a long distance during thermalization and loses most
of its energy by collision and ionization of surrounding molecules. So the
samples need some thickness preventing the positron penetrating through it
and giving information which not belongs to the samples.

The profile for penetration of positrons is expressed in the following function

[7]:

P = a X exp(—ax) (5.1)
a= 16% (5.2)

where P is the fraction of positrons stropped in the layer between x and x+dx,
x is the distance of the layer from the surface of the solid which the positron
penetrates, its unit is cm. So the parameter « has the unit cm™, density pin
g/cm?®, maximum energy Emax in MeV. For ?Na, Enax=0.54 MeV, we get:
a[cm™1] = 38.6p[g/cm3] (5.3)
For the materials Al (p= 2.7 glcm®), Cu (8.9 g/cm®), Ti (4.54 g/cm?®), Fe (7.9
g/cm®), Mg (1.74 g/em®) Si (2.33 g/cm?®), Pb (11.34 g/cm?), polybutadiene(0.87
g/cm?), if we need 99% of positron absorbed in the material, the thickness
should be 0.44 mm (Al), 0.13 mm (Cu), 0.26 mm (Ti), 0.15 mm (Fe), 0.69 mm
(Mg), 0.51 mm (Si), 0.11 mm (Pb), 1.4 mm (polybutadiene). For most solid
state material, the density will be higher than 1 g/cm?, so the thickness of the
material about 1 mm ~ 1.5 mm is sufficient.
As described before, the ?Na,CO3; and Kapton foil will absorb some of the

positrons. Therefore we need to assess the positron intensity as well as
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respective lifetime for each part (0.38 ns for Kapton and #Na,COs) that
annihilates in the source sandwich, which is called source correction. Usually
its intensity is 10-17% in our experiments. Defect-free p-type Si is used as
reference to determine the source correction. But if we consider the
backscattering of emitted positrons from the sample toward the source, we still
need to correct the intensity of the source component determined from Si by a
factor which takes into account the atomic number of the sample under
investigation. When the atomic number of the sample is higher than that of Si,
the backscattering effect increases, when it is lower then it decreases
compared with Si (1=11% for a Kapton foil of 7 um thickness). We have fitted
experimental source intensities determined in Ref. [8] for Mg, Al, Si and Ti by a
second-order polynomial function to get a calibration curve, as shown in Figure
5.3. For polybutadiene (PBD) as the sample under investigation, the mean
atomic number Z is 3, so the scaling factor is calculated to be about 0.32
(3.5/11). For the ionic liquid [BMIM][BF4] (section 7.3.3.1), the mean atomic
number Z is 3.93, so the scaling factor is about 0.39 (4.3/11). By these factors,
the intensity of the Kapton-??Na,CO3 source determined from the Si reference
is lowered. These source components (lifetime and intensities) are then fixed
in the data analysis, or with other words, subtracted from the measured

spectrum when fitting the true lifetime components of the sample.
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Figure 5.3 Estimation of factors for scaling the source intensity determined with Si (¥Na

source covered with 7 um Kapton).

5.4.3 Lifetime analysis

The annihilation rate 4 of positrons is connected with the density of the
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electrons around it. So the information of material structure can be obtained

from the mean lifetime z, which is the reciprocal of A. For vacancy, hole, free
volume, void and pore sites, the electron density decreases compared to the
perfect crystal and the lifetime of positrons localized at these defects will
increase.

The relationship between annihilation rate of positron and the electron
density can be expressed by the relation [3]:

A= % = nréc [din,(F)n_(¥)g(0;ny;n_) (5.4)

7 is the classical electron radius, c is the light speed in vacuum, n,,n_ are
the positron and electron density, respectively. g(0;n,;n_) is the electron-
positron correlation function, which describes the enhancement of the electron
density at the position of the positron due to the Coulomb interaction.

We use the software Lifetime9 (LT9) to analyze the spectrum [9]. More
detailed analysis of positron lifetime in polymer material will be presented

(section 5.6).

5.5 Sample chamber

In our lab, the sample chamber system includes chamber holder, cold head
(closed-cycle He cryo-system), temperature controller and vacuum accessory.
The cold head is connected to a compressor (Coolpak 4000D, Leybold).
Combining with the temperature controller (Model 2204e, Eurotherm) and the
heating part, the temperature range is 40 K to at least 500 K. And the accuracy
can reach 0.1K. The vacuum of the system is about 10 Pa with the help of a

pre-pump and a Turbo-pump.

5.6 PALS method applied in molecular materials

After the positron is ejected from the source, it suffers thermalization and
diffusion processes. It can either annihilate with an electron directly or being
trapped by a hole (local free volume) in the molecular matters and then form
positronium. After the annihilation of positronium, a long lifetime component
appears in the PALS experiment. From that lifetime, free volume information of
the material is obtained.

The PALS experiment makes snapshots of the hole volume structure, which

in the rubbery state of the polymer fluctuates in space and time, since the
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positronium lifetime (about 1-4 ns) is shorter than the relaxation time of the
segmental movement (from ns to us and finally 100 s at the glass transition

temperature Ty).

5.6.1 Thermalization

The “thermalization” is a process during which a high energetic positron
reaches thermal equilibrium state with the surrounding molecules in the
material. Positrons emanate from the radioactive source sodium 22 with a
continuous energy spectrum, which is a characteristic of the beta decay. The
end-point energy is 0.54 MeV. After the introduction of the positron into the
solid, at higher energy, positron loses its energy rapidly by ionization process
during collision with molecules. Each inelastic collision costs about 100 eV of
the hot positron in average. That process creates electron-ion pairs along the
trajectory of injected positron. The ionized electron (secondary electron) with
mean kinetic energy of 10-50 eV [10] extends around, losing energy by
ionization, excitation, phonon scattering etc. and finally recombines with
another ion to form a neutral molecule. At lower positron energy, excitation of
atoms takes over. Eventually, molecule vibration and phonon scattering take
the energy of the inelastic collision of positron with molecules and allow the

positron to come into thermal equilibrium with the material.

5.6.2 Diffusion

After thermalization, positron with environmental thermal energy randomly
travels around before it annihilates or meets a hole and falls into a localized
state. This process is called diffusion. The collision with host atoms is

quasi-elastic, its momentum conserves in the collision.

5.6.3 Positronium

The existence of a bound state of a positron and an electron, which is called
positronium, was postulated not long after the discovery of the positron in 1932.
Experimental evidence of it was first published by Deutsch in 1951 [11].
Positronium is a hydrogen-like bound state composed by a positron and an
electron. They circulate a common center. The atomic mass is 0.0011 amu.
The diameter (distance of the two particles) is 3ap (ao - classical Bohr radius).
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The ionization energy in vacuum is 6.803 eV. There are two possible

configurations depending on the relative spin orientations of the electron and
the positron of positronium: para-Positronium (p-Ps), denoted 'Sy with
opposite spin direction, so the spin angular momentum is zero; and
ortho-Positronium (o-Ps), denoted 3S; with the same spin direction, so the spin
angular momentum is unit [3]. The result of the annihilation for p-Ps is the
appearance of two photons emitted into opposite direction. For o-Ps
(self-annihilation in vacuum), due to the conservation of spin and momentum,

the annihilation result is three photons.

*cylindrical" column | terminal positron biob
1t> 2"3) !i ay > !i Jrr

Figure 5.4 Scheme of the Positronium formation in molecular matter [12].

Positronium plays an important role when PALS experiment was applied in
polymer science. Positronium can be formed in insulators with no free
electrons, such as ionic crystals (KCI), inorganic glasses and polymers, but not
in metals and semiconductors. Formation of Positronium can be described by
the blob model [12-15], which is an extension of the traditional spur model [10].
As illustrated in figure 5.4 right, through ionizing collisions (the spur, cylindrical
column), a positron with several hundred keV kinetic energy will lose most of
its energy within 10™'% s [16]. When the positron energy falls between 0.5 keV
and ionization threshold of several eV, ny~ 30 electron-ion pairs are generated
within a blob with radius a,s ~ 40 A. Faster subionizing positrons may diffuse
out of the blob. The positron thermalized within the blob cannot escape and will
encounter one of the thermalized ionized intrablob electron, forming a weakly
bound e*--e” pair. The pair transforms to quasi-free Ps (gf-Ps) and finally
localized in one of the local free volumes due to repulsive exchange interaction

between electrons in molecules and Ps:
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e’ + €piob — (€7 - &) = gf-Ps — Ps localized (5.5)

In vacuum, the self-annihilation lifetime of p-Ps is 124 ps and for o-Ps is 142
ns. But since the o-Ps is in the material and there are electrons around, the
positron in the pair will annihilate with another electron with opposite spin
direction nearby other than its partner, and emit two photons instead of three.
This kind of phenomenon is called pick-off annihilation. And its lifetime is
influenced greatly by the electron density, which means by the size of the open
volume (hole) where o-Ps is localized. Correspondingly, we can get the hole
dimension by the pick-off annihilation lifetime of o-Ps.

Positron-Electron pair (e+,e-)
Positronium Ps

Pick-off Annihilation

4.",._!
y ??
b
r

Lifetime: ~ 125 p=

Lifetime t,> 0.5 ns

Figure 5.5 Scheme of two species of Positronium and Pick-off annihilation.
5.6.4 Positron lifetime analysis in molecular materials

In molecular materials usually Ps is formed from a fraction of positrons.
Then three lifetime components with time constant (mean lifetime) and
intensity for each, from three decay channels are expected: para-Ps (p-Ps,
channel 1), positrons having not formed Ps (e*, channel 2) and ortho-Ps (o-Ps,
channel 3).

Their typical values are shown below:
1

— 0 —
TP=Ps = (/x0_pe+1/tpe)’ PP T 125ps (5.6a)
Trree = Tp ~ 350 to 500 ps (5.6b)
1
To—ps = m ~ 1to4ns (5.6¢)
Ifree =1- (Ip—Ps + lo_ps) (5.6d)

ris the mean lifetime which is reciprocal of the annihilation rate A. rg_PS and

10_ps are self-annihilation lifetimes of p-Ps and o-Ps in vacuum with the value
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124 ps, 142 ns respectively. 7 is the so-called contact density or relaxation
parameter. It describes the relaxation of Ps in material compared with the state
in vacuum and its value is estimated in polymers from magnetic quenching
experiments between 0.5 and 1 [17, 18]. More recent calculations give values
close to 1, or even larger than 1 if Ps is localized at very small holes [19, 20].
Tpo IS the pick-off annihilation lifetime. /; is the intensity of the i-th component of
the annihilation spectrum (area below the exponential decay curves). So a
naive spectrum can be expressed by the formula:
s(t) = Xi(li/T)exp(=t/7;) = Xi(lid;)exp(—tA;) (5.7)

here, we assume that there are three decay terms (i=3) and the mean lifetimes

appear discrete, i.e. there is no dispersion (distribution) of the mean lifetimes.

10°4
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Figure 5.6 The positron decay spectrum (dots) of [CsMIM][NTT,] at 300 K after subtracting
the source components and the background B [21]. The top thick line shows the LT-9.0 fit to
the spectrum, which was decomposed into the components p-Ps (1), e* (2), and o-Ps (3, all
curves are convoluted with the resolution function). RES shows the weighted residuals.

Positron annihilation lifetime instrument system described in section 5.4.1 is
used to get the experimental original data. The software LT9 [9, 22] is
employed to analyze the data. Figure 5.6 shows the deconvolution of the
spectrum from lifetime of the ionic liquid [C3MIM][NTf;] [21] into three
components.

The observed spectrum can be expressed by:

y(©) = R(t) ® (Ns(t) + B) (5.8)
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R(t) is the resolution function (a single Gaussian or a sum of two Gaussians)

which is determined by the PALS instrument system. B is the background due
to random coincidence. N; is the total counts in the spectrum. @ denotes a
convolution of the decay integral.

In polymers or low molecular glass formers, the mean free and o-Ps
lifetimes have a dispersion due to the dispersion of hole sizes. So the
spectrum is expressed as:

s(t) = Xil; [ a;(A) A exp(—At) dA (5.9a)
where o(4) is the annihilation rate distribution (probability density function).
The routine LifeTime, version 9.0 (LT9.0) was developed based on
experiences with the program CONTIN-PALS [23] (a numerical Laplace
inversion) and assumes from the beginning that the distributions «(1) follow a
logarithmic Gaussian function, where (A1) is the distribution of the annihilation
rate of the decay channel i. Compared with other routines, LT9.0 shows the
most success in the analysis of positron lifetime spectra. The reason for this
lies in the significant reduction of the degree of freedom compared with
CONTIN-PALS and also with the routine MELT [24, 25] (a maximum entropy
method) by assuming the number of different annihilation channels and the
shape of the annihilation rate distributions. Moreover, because lifetime analysis
is less sensitive to the particular shape of the distributions, the assumed log
normal function seems to sufficiently describe the real situation.

So, the routine LT9.0 describes the annihilation rate distributions (A1) by:

a(MDAdA = (2;)1 - exp[— zi}g 1dA (5.9b)
Zi Ii =1 (590)
J, a;(Dda =1 (5.9d)

The distribution has a maximum position at i and the standard deviation o;".
The routine can be applied also for a discrete term analysis by setting all width
parameters o; to zero. Then it gives the same results as the traditional routine
POSITRONFIT of the package PATFIT [26].
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f/ ANALYSED SPECTRUM: PBD_01_300K.tt TA BASE: N

Input Run Results Options Version and Address About DATA files Help

UpenBa:e| NwBase|E % B A| £| Repeat Ser STM| 35TM DTM ETLA ﬂ ?

1,2-poly(butadiene) (PBD) ; 300,00 K; Vacuum
Analysed between channels 1887 and 3560. cCalibration=0.02569 ns/chann.
Total counts=4042023 Bkgr./signal=0.87%
Fit's variance =1.0431 Date: 2011/5/9 16:07:36
SAMPLE :
intensities [%] lifetimes [ns] dispersions [ns]
7.4(3.7) e 0.1100 0.0000
58.3(2.9) e[, 0.327(0.029) 0.189(0.041)
34.3(2.0) e 3 2.657(0.033) e 75 0.639(0.041) e T3
SOURCE :
contribution 5.5522 [%]
intensities [%] lifetimes [ns]
88.7899 0.4211
11.2101 3.2984
ZERO CHAN. 1903.87755(0.00027) BACKGROUND 70.12(0.29) [Counts]
RESOLUTION CURVE :
ESG fract. (%) Shift (chnns) FWHM (ns) tau(left) (ns) tau(right) (ns)
80.0000 0.0000 0.2840 0.0000 0.0000
20.0000 1.4091 0.3871 0.0000 0.0000

Figure 5.7 Example analysis result of 1,2-poly(butadiene) sample from software LT9.

Figure 5.7 is the fitting result for 1,2-poly(butadiene) (PBD, section 6.1)
sample from LT9.0. The non-linear least-squares fit method is employed to
decompose the spectrum. Parameters as intensities, mean lifetime and

dispersion for some of the lifetime components can be obtained.

5.6.5 The Tao-Eldrup model

A quantitative relationship which connects pick-off annihilation lifetime with
the hole size or its radius R is established by the work Tao [27] and calibrated
by Eldrup at al. [28], later Naganishi et al. [29]. In the Tao-Eldrup model a
spherical pore (here holes of irregular shape are treated as spheres for
simplicity) is described by a rectangular potential well with spherical symmetry.
This rectangular potential well with radius R and a finite potential barrier AV is
substituted by a well with an infinite potential barrier V and a size R + 4R,
which is illustrated in figure 5.8. By this construction, Ps wave function
occupying the ground state in the infinite potential well overlaps with bulk
(electron layer in the wall of the pore) in the range between R and R + 4R.

In this model, the 0-Ps pick-up annihilation rate 1 equals to the multiplication
of the two factors: annihilation rate in bulk and the probability P of appearance
of the Ps in the area with non-zero electron density. In an infinite well, electron
could not penetrate the wall. Thus, to simulate the overlap of positronium with

an electron layer in sphere pore, Tao broadened the well with a layer of 4R
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thickness. So this time, the overlap areais R<r <R + 4R, it is the electron

layer thickness.

Infinity /\PPS/ Infinity
AV

N

AR | R
R+AR

Figure 5.8 Schematic representation of the Tao-Eldrup model.

For the factor of annihilation rate in bulk, it is assumed that in the region with
a high electron density, 0-Ps annihilates with its highest possible rate, which
corresponds to the spin-averaged Ps annihilation rate in vacuum with the two
spin states (1/0.125 ns™ and 1/142 ns™):

A= Apops +3Ao_ps) /4 (5.10)

and is about 2 ns™.

For the other factor of probability P of finding the Ps inside the electron layer
range:

P(R) =1— [|W|>r2dr / [

|Y|%r2dr (5.11)
here, using the quantum mechanics knowledge with particle in spherical

geometry well and with normalization, we could get the wave function:

Y(r) = [———]°5 sin( = )/r (5.12)

2m(R+AR) R+AR

By integrating (5.11) with (5.12) in the range R~R+ A R and multiplying with
the equation (5.10), we get the Tao-Eldrup equation (here r, =R and 6r = AR)

0-5 o
To—Ps pickoff = h |1n_s ZRTy ) or =1.66A (5.13)

TptéT 21> (rh+6r

There exist a threshold (volume of 9.2 A’ with radius 1.3 A) that can be

detected by PALS method. If the hole becomes smaller than that value, it

cannot localize the o-Ps.
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The overlap parameter AR (6r) is assumed to be the same for all materials
and was empirically determined to be 1.66 A [28, 29].

Figure 5.9 shows the comparison of the experimental data and the
calculation curve following the Tao-Eldrup model. The experimental data fits
the theory very well.

The Tao-Eldrup model was extended to other hole shapes (as cubes,
cuboids, cylinders and large holes) as well as different potential shapes
[30-34].

Free volume radius (R)

2 3 4 5 6
10 1 1 1 1 1
1 o e Molecularsolids
‘(R 8- A Zeolites
5 ——
® 64
-‘.E:. i
£ 47
n“; — )
& 2—/
0 I 1 1 1 1 | 1 1 1
0 200 400 600 800 1000

Free volume (33)
Figure 5.9 Fit of the Tao-Eldrup model to the experimental data for vacancies in molecular
solids and zeolites done by Eldrup et al. [28]. Together with the experimental data of
Naganishi et al. [29].

5.6.6 Hole volume calculated from positron lifetime

As described in 5.6.4, the radius of the holes shows a distribution. This can
be calculated from the o-Ps lifetime distribution:

2
(lnﬁ)

2
*
203

@3 (2) = 3oy expl— ] (5.14)

The routine LT9 supplies as output not the annihilation rate parameters but
the lifetime parameters for comparison with the conventional discrete term
analysis. The distribution of lifetimes, as(7), is related to the distribution of
annihilation rates, as(1) (1 = 1/7), via as(0)d7 = a3(A)dA = as(1)A%d 7, where the
mean lifetime <z> = 7 = exp(o3*4/2)/13 and the dispersion of the lifetimes
(standard deviation of the distribution) is o3 = 03(7) = m[exp(os*2) -11°°. With z

and o3 from the output of the LT9 routine analysis of the spectrum we can
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calculate the a3(A1). From the Tao-Eldrup model, we know the relation between

A and r. Then the hole radius distribution (pdf) is given by [23, 35]:

n(ry,) = —az(A)dAz/dr, = —28r{cos[2nry, /(1 + 61)] — 1}az(A)/(r, + 6r)?(5.15)
From the radius distribution, we get the hole volume distribution g(vi) =

n(m)/4rr?. Unfortunately, the mechanism by which o-Ps probes the holes is
not well known, and it is hard to determine what a suitable weighting factor with
respect to the hole size and hole shape may look like. In early works [36] it was
assumed that eq. (5.15) may involve a weighting factor which increases
linearly with radius and may be corrected by dividing eq. (5.15) by k() = 1.0 +
8.0rh. Our group assumes that n(r,) and g(vy) represent volume-weighted
values. Indications that this picture may be warranted were discussed in
several papers [37-40]. The number-weighted hole volume distribution can
then be calculated from gn(vn) = g(vn)/vih. From the statistic mathematics, the
mean value and the dispersion of the hole volume are expressed by:

< vp >= [ vpgn(vy)dyy, (5.16a)

op = [ (V=< vn >)? gn(vy)dvy]"/? (5.16b)
where the distribution gn(vn) is normalized the unity area below the curve.
Figure 5.10 shows the radius distribution dependence on temperature of the
ionic liquid [CsMIM][NTf,] [21]. With increase of the temperature, the mean
value of the radius as well as dispersion of lifetime distribution increase. That is
coincident with the physical intuition, that when the temperature increases, the
free volume expands especially above the glass transition temperature due to

segmental movement of the polymer chains or the molecular groups.

20 | L AL B AL B T T T
| [C MIMINTY,] 160 K
1.5- ]
T ] 185K (T))
= 1.0 220 K ]
=] 265 K
c : (T_+10)
0.5 ]
0.01 : : . : .

o 1 2 3 4 5 6
r, (A)

Figure 5.10 Radius distribution dependence on temperature for [CsMIM][NTf,] sample [21].

_45 -



Chapter 5 Positron annihilation studies of the free volume
PALS itself is able to measure the mean volume of the holes, it can also give

information of hole size distribution. But it cannot directly measure the specific
hole number density and the free volume fraction. This work needs the
combination of both PALS and pressure-volume-temperature (PVT, section 3.5)
experiment using the following equation:

Ve = vy X Ny (5.17)
here V; = V4, is the specific hole free volume with unit cm®/g, <v,> is the mean

hole volume and N;, is mean specific hole number density with unit g™
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6 High molecular-weight organic materials: polymers

6.1 Amorphous polymers 1,2-poly(butadiene), cis-1,4-poly(isoprene)
6.1.1 Introduction

The origin of glass transition, as well as viscous and relaxation slowing down
of supercooled liquids is still an elusive problem in polymer science. Compared
with the static structure, which can be characterized by X-ray and neutron
studies, showing a monotonous change over a wide temperature range down
to the glass transition regime [1-3], dynamic parameters such as relaxation
and viscosity change over some 15 decades in a relatively narrow temperature
range 100 — 150 K [4, 5]. Distinct dynamical regimes that cannot be described
by one Vogel-Fulcher-Tammann-Hesse (VFTH) equation are indicated by
crossover temperature such as Arrhenius, Stickel or Schonehals temperatures.
The absence of structural changes and the radical change in dynamics
parameter arise the question: what is the basic physical factor controlling the
glass formation and the dramatic relaxation parameter change in a wide
temperature range of polymers: kinetics, thermodynamics or free volume.

In this work the free volume in two amorphous polymers 1,2-poly(butadiene)
(PBD) and cis-1,4-poly(isoprene) (PIP) was studied. To depict the temperature
dependence of the microstructure as completely as possible, positron
annihilation lifetime spectroscopy (PALS) and pressure-volume-temperature
(PVT) technique are employed. The free volume parameters are compared
with dynamics data from broadband dielectric spectroscopy (BDS) [6] and from
electron spin resonance (ESR) experiments [7].

6.1.2 Materials and experiments

Two structurally simple polymers are used in this study: 1,2-poly(butadiene)
(PBD, chemical structure formula - [ CH, - CH(CH=CH,) ], -) with high fragility
(mg = 129) and cis-1,4-poly(isoprene) (PIP, chemical structure formula - [ CH; -
CH = C (CHj3) - CH ] -) with low fragility (mg = 63). The PBD sample was
prepared by Dr. L. Willner from the Institut fir Festkérperforschung (IFF) Jilich,
Germany. The PIP sample was obtained from Aldrich Inc. Both samples were

supplied by Prof. Jozef Bartos from the Polymer Institute, Slovak Academy of
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Sciences, Bratislava, Slovakia.

Analytical data obtained by temperature-modulated differential-scanning
calorimetry (MDSC) and pressure-volume-temperature (PVT) experiments
were provided by Dr. J. Pionteck (Leibniz-Institut fur Polymerforschung
Dresden e.V.). MDSC was performed with a DSC Q2000 V24.4 (PIP) and a
DSC Q1000 V9.9 (PBD) device, respectively, both from TA Instruments and
operated with a heating rate of 3 K/min and a temperature modulation + 0.318

K'in a period of 30 s.
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Figure 6.1 MDSC heating scan with a rate of 3 K/min (first heating). Shown are the heat
flow and the reversible heat flow curves, the latter was used to determine glass transition
temperature T,. a) Top: PBD. b) Bottom: PIP

The PBD used in this work has a molecular mass of M, = 2x10* g/mol and
the following isomer microstructure: 95% of 1,2-isomers and 5% of 1,4-cis +

1,4-trans-isomers (Dr. L. Willner). The heating scans of MDSC are shown in
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figure 6.1 a. The analysis gives a glass transition range between 269.0 K and

274.6 K and a glass transition temperature Tq = 271.9 K was estimated from
the midpoint of the reversible heat flow curve. The specific heat capacity
change at Ty is AC, = 0.611 J/g-K.

PIP had 97% of cis-isomers and M, = 8x10° g/mol (Aldrich). The MDSC scan
show a glass transition in the temperature range between 207.1 K and 210.5 K
with Tg = 208.8 K and AC,, = 0.372 (figure 6.1 b).

6.1.3 Experiment results and discussion
6.1.3.1 PVT: temperature and pressure dependence

PVT experiments were carried out by means of a fully automated GNOMIX
high-pressure mercury dilatometer. Both the polymers were measured
between room temperature and 455 K in steps of 5 — 10 K in standard
isothermal mode (ITS). Tait (solid lines) and Simha-Somcynski (empty symbols)
equation of state (chapter 3) were used to fit the PVT experimental data
(specific volume shown as solid dots) for PBD and PIP samples in this work.

Figure 6.2 and 6.3 display the fitting result for both samples, respectively.
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Figure 6.2 The specific total volume V(solid dots) of PBD as a function of temperature T at a
series of constant pressure P (in MPa, increase from top to bottom from 0 MPa to 200 MPa

in 10 MPa step). The solid lines show the fits of the Tait equation and the empty symbols
those of the S-S eos to the volume data.
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Figure 6.3 Same as figure 6.2, but for PIP sample.

The fitting parameters are summarized in table 6.1: ap, a1, a,, C, bg, by are

six fitting parameters in the Tait equation (section 3.2). The coefficients of

determination were R?

scaling parameters

= 0.99996 (PBD) and 0.99995 (PIP). T*, V*, P* are

for temperature, volume and pressure in the

Simha-Somcynsky equation of state (section 3.4). My is the molecular mass

of the chemical repeating unit. Mg is the molecular weight of a mer of the lattice.

When assuming one external degree of freedom per s-mer and infinite chain

length for the polymers studied in this work, My = RT*/(3P*V*), R is the gas

constant. Vs, is the total specific volume, Ve, Vi are the specific occupied

volume and the specific free volume, respectively. The volume of a cell of the

S-S lattice vgs = MoVocc/Na, Na is the Avogadro number. Vyy is the molar van

der Waals volume estimated from the group contributions tabulated by van

Krevelen [8]. h is the free volume fraction.
For PBD at ambient pressure and 300 K, Vs,/Vy = 1.682, Voeo/Vw = 1.578,
V*IVy = 1.654, and Voc/V* = K =0.9544. Mep/ Mo = 1.36193, is the number of

external degrees of freedom per chemical repeat unit, a measure of the

flexibility of the polymer chains.
For PIP, Vsp/Vw = 1.573, Voeo/Vw = 1.475, V*IV,, = 1.544, and Vo /V* = K
=0.9551. Myep/ Mo = 1.98272.
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Table 6.1 Results from the Tait and the S-S eos analysis of the PVT experiment.

Tait equation

Quantity PBD Uncertainty | PIP Uncertainty

ao (cm® g™) 0.94417 8.8 E-4 0.92138 8.8 E-4

a1 (cm®glK?l) [6.3593 E-4 4.9E-6 4.6875E-4 | 4.9E-6

a, (cm®* gt K? |2.2904 E-7 6.8 E-9 42218 E-7 | 6.8 E-9

C 0.08132 1.9 E-4 0.08433 2.6 E-4

bo (MPa) 523.3 2.6 648.7 3.7

by (K7 0.00479 1.4 E-5 0.00478 1.5E-5

R? 0.99996 0.99995
Simha-Somcynski equation of state

Quantity PBD Uncertainty | PIP Uncertainty

T* (K) 10158.186 13.193 10031.981 | 11.300

V* (cm/g) 1.13684 3.458 E-4 1.07951 2.958 E-4

P* (MPa) 624.549 1.887 750.934 2.363

Mrep (9/mol) 54 68

Mo (g/mol) 39.6497 0.131 34.2963 0.115

vss (A%)? 71.4617 0.2363 62.6677 0.2101

Vsp (cm/g)? 1.156 0.002 1.100 0.002

Vy (cm®/g) 0.6874 0.6992

Voce (cm®/g)? 1.085 0.003 1.031 0.003

V; (cm®/g)? 0.071 0.003 0.069 0.003

h? 0.060 0.003 0.063 0.003

Hy (kJ/mol) 6.45 0.5 6.47 0.5

E. (kJ/mol)° 18.9-17.1 0.1 18.7-16.8 |0.1

§ (MPa’?)P 20.4-18.3 0.1 22.3-20.0 |0.1

a: For T = 300K, P = 0 MPa.

b: For T =295 K —-455 K, P =0 MPa.

Figure 6.4 and 6.5 show isobars of respective specific volumes (Vsp, Vocc

and Vy) for selected pressures. Although the occupied volume takes a large

amount of the total volume (> 85%), the dominant volume changes come from

the free volume. This fact is more evident from figures 6.6 and 6.7, which

display the behavior of the isobaric thermal expansion coefficient «a
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(WN)@VIAT)|p, @yee= (UV)(dVoeddT)|p and aj= (1/V)(dVddT)],. More than 95%

volume change comes from free volume for both polymers.
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Figure 6.4 The specific total, V,, occupied, V., and free, Vs, volume for PBD as a function of
temperature T under selected pressures P.
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Figure 6.5 As figure 6.4, but for PIP sample.
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Figure 6.6 The temperature dependency of the isobaric coefficient of thermal expansion for
ambient pressure of the total volume, a, and its constituents, the occupied, a,.., and free
ay, volume for PBD.
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PIP

a (10 K™Y

T (K)
Figure 6.7 As figure 6.6, but for PIP sample.
The temperature dependences of the free volume fraction h obtained from

fitting of the PVT data for selected pressures to the S-S eos are shown in
figure 6.8 (PBD) and figure 6.9 (PIP). When considering the vacancies in the
lattice-hole model as Schottky-point defects, the equilibrium concentration
(hole fraction h in this work) can be expressed by the Schottky equation [9]:

h = A exp(—Hy/kgT) (6.1)
here: A is a constant, kg is the Boltzmann constant, and H; is the hole
formation enthalpy. Fitting the data in figure 6.8 at ambience delivers A = 0.83
and Hy, = 6.45 kJ/mol (R? = 0.9992) for PBD. For PIP, A = 0.85 and Hy = 6.47
kd/mol (R? = 0.9995). The cohesive energy E. [10] in the temperature range
295 K — 455 K has the value 18.9 — 17.1 kJ/mol (PBD) and 18.7 — 16.8 kJ/mol
(PIP), so the value of Hy corresponds to 0.34 — 0.38 (PBD) and 0.35 — 0.39
(PIP) of Ec. The solution parameter § = CEDY? [10] (CED is cohesive energy
density) equals 20.4 — 18.3 MPa'? (PBD) and 22.3 — 20.0 MPa*? (PIP) in the

same temperature range.
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Figure 6.8 Temperature dependence of the free volume fraction h under selected pressures
for PBD.
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Figure 6.9 As figure 6.8, but for PIP sample.
6.1.3.2 PALS: temperature dependence

The positron lifetime parameters for the PBD sample exhibit a simple
behavior similar to that known for amorphous polymers [11] or low-molecular
weight glass formers [12]. Figure 6.10 shows the o-Ps lifetime parameters
during a heating run. The <> and oz mirror the mean size and dispersion of
the hole size distribution. Two crossover temperature points T (265 + 5 K) and
Tk (355 £ 5 K) corresponding to glass transition and “knee” temperature can be
discerned from the slope changes of the mean o-Ps lifetime <zz>. Below Tg,
0-Ps is trapped in local free volume within the glassy matrix and detects more
or less static frozen holes. Above Ty, due to rapidly increasing thermal motion
of polymer segments in rubbery state, the holes among them grow steeply in
the heating run and show an increasingly broader distribution. With
increasingly segmental mobility in frequency, the structural relaxation time
decreases toward to the order of the o-Ps lifetime, which will smear the hole
during the lifetime of 0-Ps. Thus, <z3> no longer mirrors correctly the hole size.
The combined effect of hole expansion and increasing hole smearing may
cause the apparent constancy of <z>, which levels off at Ty.

Positron lifetime parameters of the PIP sample exhibit a similar behavior as
PBD except one more crossover temperature denoted as Th; (255 £ 5 K)
between Tg4 (205 + 5 K) and Ty (290 + 5 K), such manner is often observed for
strong polymers or low-molecular weight glass formers with smaller fragility,
such as cis-trans-1,4-poly(butadiene) [13], glycerol [14] and propylene glycol
[15]. Details of these crossover temperatures will be discussed in the structure

dynamics section.
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Figure 6.10 The mean, <z; >, the standard deviation, o3z and the intensity |; of the 0-Ps

lifetime distribution as a function of temperature T during heating of PBD. T, indicates the

glass transition temperature and Ty the “knee” temperature.
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Figure 6.11 As figure 6.10, but for PIP sample.

The mean size <v,,> and dispersion oy, of the local free volume distribution is
calculated from the standard Tao-Eldrup model [16, 17]. The <vy> linearly
increases with temperature from 80 A®to 230 A® with a slope change at Ty and
levels off at Ty (PBD, figure 6.12). For PIP, the <v,> changes linearly with
temperature between 50 A®to 170 A® with slope changes at Ty, Thy and levels
off at Ty (PIP, figure 6.13). The <v,> shows similar features as o-Ps lifetime for
both polymers in this work.

The linear fit between the specific free volume at 0 MPa, determined from
PVT experiments and the mean local free volume, obtained from PALS, at
supercooled regime of the form:

Vr = Ny X<wp, > (6.2)

gives the specific hole density N; =0.45 x 10** g, that is 0.39 nm™ at 300 K
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for PBD (figure 6.14). For PIP (figure 6.15), the fitting range is between Th;
and Ty, and the specific hole density N, = 0.28 x 10°* g*
300 K.

. that is 0.25 nm™ at

250 1

<v,> (A®

100+

100 150 200 250 300 350 400
T(K)
Figure 6.12 Number-weighted mean <v,> and standard deviation o, of the hole size
calculated from positron lifetime for PBD sample.

2001 PP

1
450

100 150 200 250 300 350
T (K)
Figure 6.13 As figure 6.12, but for PIP sample.

1
400

0124 PBD ;

0.104

0.08

3
V. (cm’/g)

0.06 4

0.04

80 100 120 140 160 1é03' 200 220 240 260
<v,> (A)
Figure 6.14 Plot of the specific free volume calculated from the fit of PVT data under 0 MPa

vs the mean hole volume at the supercooled liquid state (between T, and Ty) for PBD. The
line is a linear fit of the data.
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Figure 6.15 As figure 6.14, but for PIP sample, the fitting range is between Th; and T.
All the parameters from PALS experiment are summarized in table 6.2.

Table 6.2 Result parameters from PALS experiment.

PALS
Quantity PBD Uncertainty | PIP Uncertainty
vi (A%) 2 127.93 175.42
N’ (g™) 0.45 E21 E19 0.28 E21 E19
N(nm™)? 0.39 0.25
T4(DSC) 271.9K 208.8 K
T4(PALS) 265 K 5K 205 K 5K
Th; 255K 5K
Thby/T 1.24
Tha(Ty) 355 K 5K 290 K 5K
Tha/T, 1.38 1.45
a: For T = 300K

6.1.3.3 BDS: temperature dependence

The primary (o) relaxation time gz, determined by broadband dielectric
spectroscopy (BDS) [6] (solid circle) is compared with the o-Ps lifetime (empty
square) in figure 6.16 for the PBD sample. In BDS experiments, the glass
transition occurs when 7z, equals 100 s. For PBD, T¢BDS) = 269 K,
corresponding to the T4(DSC) = 271.9 K and Ty4(PALS) = 265 + 5 K. The
threshold temperature for the Arrhenius region T is 360 K, which is in
agreement with Thy(Ty) = 355 K + 5 K from PALS. 7,(Ta) = 7 x 10° s reaches

the magnitude of the o-Ps lifetime. T is often found to be close to T, which
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indicates a transition from ordinary, normal liquid to the frustrated solid-like

state of a supercooled liquid [18-21]. For crystallisable polymers, Tn
corresponds to the melting temperature of the crystalline phase of crystallizing

non-frustrated materials.

T (K)
450375 300 225 150
6 4 T T T T T 4
4- . PBD
" § {3
.J‘ :
—~ L
n !
St ~—~
3 12 0
3] [
= g
8
=~ 11
T T T T T T T T T T T 0
0.002 0.003 0.004 0.005 0.006 0.007 0.008

1/T,1/K

Figure 6.16 Arrhenius plot of the structural relaxation times (solid circle) vs 0-Ps lifetime
(empty square) for PBD. The characteristic Arrhenius temperature T, = 360 K.

6.1.3.4 ESR: temperature dependence

Electron spin resonance (ESR) experiment result was supplied by Prof. Dr.
Jozef Bartos from the Polymer Institute Bratislava, Slovak Academy of
Sciences [7]. Two spin probes were used: 2,2,6,6-tetramethyl-1-piperidinyloxy,
known as TEMPO and 4-Maleinimido-2,2,6,6-tetramethyl-1-piperidinyloxy
(MI-TEMPO) from Aldrich Chemical Comp., Inc. Their chemical structure,
molecular mass in g/mol and van der Waals volume in A® are presented in
figure 6.17 [22].

oL o

N
ﬂ Figure 6.17 Chemical structure, molecular mass in
':' N g/mol and van der Waals volume in A? of the two spin
o (I). probes used in this work [22].
TEMPO MI-TEMPO
M, 156.1 251.1
¥ 1704 230.6

‘2AZZ' is the spectral parameter of the spin probe mobility. The lower value
represents a faster rotation mobility of the spin probe particle. Distinct four

regions can be discerned from the comparison between the 2A,; and o-Ps
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lifetime in figure 6.18. Tsoc denotes the temperature at which the spin probe

rotation mobility changes from the slow regime to the fast regime in ESR
experiments. For TEMPO, Tsoc = 255 K, corresponding to Th; (255 K) from
PALS. Another crossover temperature, Tx, = 288 K, corresponds to Ty (290 K)
from PALS. For MI-TEMPO, Tsoc = 288 K is close to Tk (290 K) from PALS.

™~ T ~ 1T 1" T T "] 1 T T 1T T 71 3.2
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Figure 6.18 Comparison between the spectral parameter of spin probe mobility, 2A,,,
obtained from ESR experiments, and mean 0-Ps lifetime, obtained from PALS experiments,
for the PIP. The characteristic temperatures indicate four regions.

The number-weighted hole volume distribution gn(vn) (section 5.6.6) at
selected temperature calculated from o-Ps lifetime parameters for the PIP
sample is shown in figure 6.19. The vss = 62.6677 A% is the volume of a cell of
the S-S lattice from PVT experiment, which is close to the van der Waals
volume (78.98 A%) of repeat unit in the polymer chain. Locc_pip IS the occupied
volume of repeat unit, it equals 116.46 A% The van der Waals volumes of the
two spin probe particles TEMPO and MI-TEMPO are Vw _tempo = 170.1 A3 and
Vw mitempo = 230.6 A%,

At the Th1 = Tgso = 255 K, tail of the volume distribution covers the Vw_tempo,
which means there exist holes with volume larger than Vw tempo. That is the
prerequisite for the slow to fast regime transition in the ESR experiments. But it
is not the sufficient condition since at 245 K, the volume distribution also
includes the Vw_tempo Value. The same is found for MI-TEMPO at Ty (290 K) ~
Teso (288 K). Therefore, there must be an underlying physical factor that
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affects both spin probe rotation mobility and o-Ps lifetime at the same

characteristic temperature. Further work is needed to clarify this factor.

0.020
195K Number-fractional hole volume distribution

0.015

0.010

pdfg (v,)

0.005

MW_MI-TEMPO

0.000 T T 7 T y —
0 100 200 300

v, (A%

Figure 6.19 Number-weighted hole volume distribution at selected temperatures from the
PALS experiment. The volume of a cell of the S-S lattice from the PVT experiment, vy, the

occupied volume of repeat unit in polymer chain of PIP, vy pip, and the van der Waals
volume of TEMPO and MI-TEMPO are denoted by arrows.

6.1.4 Conclusion

The thermal extension coefficient of PVT experiment shows that above Ty
dominant volume change comes from free volume for amorphous polymers. A
combination of the specific free volume from PVT experiment and the mean
hole free volume from PALS delivers the specific number density: 0.45x10%
g’ (PBD), 0.28x10** g* (PIP). Clearly state transitions can be observed from
0-Ps lifetime parameters. For amorphous polymers with high fragility like PBD,
no obvious slope change can be observed between Ty and Ty in the PALS
experiment. The crossover temperatures, which denote the state transition
from PALS, are in good agreement with the characteristic bend temperatures,
which denote dynamic motion mode changes in BDS and ESR experiments.
This suggests the free volume origin of the change in dynamic regime of

amorphous polymers.
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6.2 Phase transitions in polymers containing long self-assembled
CF, sequences in side chain

Semicrystalline polymers such as polyethylene and polypropylene have
been studied for decades. Long main chain folding in local domains (normally
10 nm thickness) plays an important role for crystallization in these materials.
Compared to the variety of studies on crystallizable main chain polymers, less
is known about the side-chain polymer crystallization [23-26]. This section
deals with the application of positron annihilation lifetime spectroscopy (PALS)
in the study of the temperature dependence of the size of sub-nanometer local
free volumes (holes) in three self-assembled semifluorinated side chain
polyesters. The aim of the section is to get insights into the microstructure of

these complex polymers and its changes during the phase transitions.

6.2.1 Samples

The semi-fluorinated samples selected in this work all have the same
oxydecyl-perfluorodecyl side chains (R; in figure 6.20 —O-(CH>)10-(CF2)e-CF3).
Poly (p-phenylene-5— oxydecyl-perfluorodecyl isophthalate) is denoted as HQ;
two aromatic-aliphatic polyesters with spacers R, corresponding to —(CH>)e-
and —(CHy)s- are denoted as H6 and H8, respectively. These samples were
synthesized by melt polycondensation as reported by Pospiech et al. [27]. The
chemical characterizations of the samples used in this study are summarized
in Table 6.3.

Figure 6.20 General chemical structure of the investigated
C—O0—R— polyesters. R;: O-(CH,);y-(CF,)o-CF3; R;y: p-phenylene for
t@ HQ, (CH;)¢ for H6 and (CH,)s for H8, respectively.
n

Table 6.3 Composition and chemical characterization of the semi-fluorinated polyesters
studied. M, gpc, My,gpc and Mi,, denote the number and weight averaged molecular mass
and the solution viscosity.

Polymer | R, R, M,crc” | Mygrc” | My/M, Ninh"
(9/mol) (g/mol) | (dL/g)
HQ -0-(CHy)10-(CF,)9-CF5 | Ph 28,000 57,600 2.06 0.33
Hé6 -0-(CHy)10-(CF,)9-CF3 | -(CH,)s- | 12,900 63,400 4.93 0.49
HS8 -0-(CHy)10-(CF,)9-CF3 | -(CH,)s- | 14,400 86,700 6.02 0.47

Y Solution viscosity in trifluoroacetic acid/chloroform (1/1 vol/vol), Ubbelohde viscometer at

25 °C, polymer concentration 0.5 g/dL.

2 Knauer GPC with pentafluorophenol/chloroform (1/2 vol/vol) as eluent, Rl detection, PL
MiniMix-D separation column, molar masses were calculated relative to small distributed
polystyrene standard.
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The molecular model for the structure of HQ is shown in figure 6.21 [26]. The
semi-fluorinated side chains of HQ are rigid and stretched. They are arranged

in a layer between the backbones of the aromatic polyester.

- backbone

microphase
- separated
side chains

layer
distance

b‘r .- ¥ Ik_ N oy y y
Figure 6.21 Molecular model [26] of the solid state structure of the semifluorinated aromatic
polyester poly(p-phenylene-oxydecylperfluorodecyl-isophthalate) (sample HQ) based on the
X-ray data of solution synthesized [28] samples.

) - n

6.2.2 Experimental results and discussion
6.2.2.1 Differential Scanning Calorimetry (DSC)

DSC was performed using a Perkin Elmer DSC 7 system at a scan rate of 10
K/min by Mrs. L. Haul3ler, Leibniz-Institut fir Polzmerforschung Dresden e.V..
The transition temperatures were determined from the second heating run. For
HQ, there are three endothermic transitions in the DSC curve (figure 6.22),
assigned to side chain melting (T, = 330 K), glass transition of the aromatic
main chain (Tyg = 400 K) and isotropization (T; = 470 K). The H6 and H8 only
have two visible transitions corresponding to side chain melting Ty, (352 K for
H6, 349 K for H8) and isotropization T; (422 K for H6, 410 K for H8).

§’ 0.5 Wig

; Tm T TI
8 - ’

%t i
22 "
e i T
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2

250 300 350 400 450 500
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Figure 6.22 Complete 2" heating run (DSC) of the aromatic polyester HQ ¢ )

compared to the semifluorinated polyesters H6 ( e ) and HS ( A

N’
.
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6.2.2.2 Temperature-Dependent Small-Angle X-ray Scattering (T-SAXS)

T-SAXS was performed by Dr. D. Jehnichen et al., Leibniz-Institut fur
Polymerforschung Dresden e.V., using synchrotron radiation (SR wavelength:
0.15 nm) at DESY Hamburg, HASYLAB, beamline A2, with heating/cooling
cycles from 300 K to 570 K with 3 K/min. A contour plot of SAXS curve at
different temperatures in heating and cooling run for sample H8 is represented
in figure 6.23.

temperature / °C

50 ; 100 150 200 250 300 .........cocldownto ........ 30
P TP P PP NN EPEPIPUPI IPEPPUPI EPEPEPIPI IPUPIPUE EPEPURUP IPUPIPIR BRPUr P I

400
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d/nm

200

10 20 SIO 4l05[0 60 70 80 90 1001101201301401501601?0180
frame number

Figure 6.23 Topographic contour plot of the intensity | vs. the temperature T and the layer

spacing d of T-SAXS measurements of sample H8. Here the temperature is given in °C.

Three temperature regions representing the different structure behavior of
H8 can be discerned. a) From room temperature up to T, = 345 K (75 °C), a
layer structure with a constant layer spacing of d = 5.4 nm is found. At T, a
melting takes place connected with a loss of lateral correlation of the side
chains, and d jumps to 5.82 nm. b) From T, to T; = 408 K (135 °C), d drops
down to 4.65 nm continuously to T; (referred to as isotropization) and vanishes.
c) For T > T, no further structural information can be found. In the cooling
regime the re-organization of all structures discussed in the heating regime

takes place in the reverse order.

6.2.2.3 PVT experiment
A fully-automated GNOMIX high-pressure dilatometer (GNOMIX Inc.) was

employed by Dr. J. Pionteck, Leibniz-Institut fir Polymerforschung Dresden
e.V., to perform pressure-volume-temperature (PVT) analysis [29]. Isothermal
standard (ITS) runs were performed within the temperature range of 298 - 518
K in steps of 5 or 10 (+1) K for the H8 sample.
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A distinct transition mainly attributed to the melting of semi-fluorinated side
chains is marked by the Ty, line in figure 6.24 a in the ITS curves. The glass
transition can be seen more clearly when magnifying the temperature range
from 320 K to 440 K (figure 6.24 b). At 200 MPa, for example, a change in the

slope of the Vs, — T curve occurs at 365 K.

084f ' ' ' R 074 b ]
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% 0.70[ —=—100
> 068l ol
066_ —%—160
—&—180
0641 ~ : . : 220 064 x x x : : :
300 350 400 450 500 550 20 30 360 380 400 420 440
T(K) TK

Figure 6.24 V,-T-plot of H8. a) Complete isothermal (ITS) heating run. The lines mark the
pressure dependent melting (T, overlapped by glass transitions) and isotropization (T;, very
soft effect on V,) temperature. b) The irregular compression behavior implies that in the
marked T range between 365 and 420 K two transitions, the glass transition in the main
chain, characterized by a change in the slope of V,(T) at T,, and melting, characterized by a
steep increase in V, at T,,, overlap.

Isotropization denoted by T; line (figure 6.24 a) is more evident from the inset
of figure 6.25. A small increase in Vs, of ca. 0.02% can be observed at T; = 409
K. The 10 MPa isobars in figure 6.25 show the melting and crystallization

transitions with a slight hysteresis between heating and cooling runs.
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Figure 6.25 Isobars of H8 taken at 10 MPa with a heating (filled squares) and cooling (empty
circles) rate of 2 K/min. The image shows clearly the melting (T,,) / crystallization (T,,) of the
semifluorinated chains and the reversible isotropization (T;) of the melt. The inset is a
magnification of isotropization at 409 K. The lines are a visual aid to show the step in the V,
values due to isotropization. Heating and cooling curves were normalized to show the same
values above T;.
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6.2.2.4 PALS experiment

The PALS experiments were performed for the three samples HQ, H6 and
H8. For the semicrystalline material, we split the o-Ps lifetime into two
components: the z,; represents crystalline or at least more ordered phase with
a relatively high packing density formed by the side chains and z;; a less

dense amorphous phase associated with the main chain.

100 150 200 250 300 350 400 450
T (K)
Figure 6.26 Lifetimes 733 and 73, of 0-Ps in HQ (stars), H6 (filled circle), and H8 (open
squares) as a function of temperature T during heating the samples. For HQ 7, was fixed to

1.5 ns. The statistical errors are only shown for H6 for clarity. The lines are a guide for the
eyes.

From figure 6.26, at the temperature range from 200K to 430K,
increases from 1.0 ns to 1.4 ns for H8 and 2.1 ns for H6. This lifetime shows no
response to the melting transition at Ty,. In case of HQ the decomposition of
0-Ps into zz5 and =g was more difficult and the fits were frequently instable.
Therefore we have fixed here 73 to a constant value of 1.50 ns. z;;) shows for
all of the three materials a strong step-like increase which occurs at
temperature of 325K for HQ, 352K for H6 and 347K for H8 respectively. These
temperatures agree well with the DSC experiment and this behaviour is
attributed to the melting of the self-organized side-chains. At low temperatures
73y €xhibits a linear rise with a stronger continuous increase starting 30-50K
below the jump at the melting transition. After side-chain melting, z; levels off
and shows only a slight variation with temperature.

The intensities (figure 6.27) of the o-Ps lifetime components, Iz and s,
mirror the probability of Ps formation in the two phases. For the sample H6,

both intensities exhibit below Ty, almost the same value, I3 = I3, and increase
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smoothly from 6 % to 8.5 %. At Tp, l3g slumps to 3 — 4 %, while I jumps to
14 % to 15 %. The behavior of I35 and Iz shows that at Ty, the fraction of the

disordered, amorphous or liquid, regions increases drastically on the expenses
of the ordered regions. The fact that I35 does not fall to zero can be taken as
indication that after side-chain melting a small fraction of densely packed

regions is conserved.
20 ] rrrr rrrrrr1r 1 ]
181 He6 .

200 250 300 350 400 450 500
T (K)
Figure 6.27 The relative intensity l3; (open circles) and lsg) (filled circles) of the o-Ps
lifetime components for H6 as a function of temperature T. The absolute statistical errors
correspond to £0.3 %. The lines are a guide for the eyes.

Figure 6.28 shows the calculated hole free volume from 3. The total

variation of vy, lies between 80 A2 and 500-580 A3,

700 T T T T T T T T
¥ HQ
* H6 K
500{ © H8 Fe2s 0 eeee

O T T T T T T T T
100 150 200 250 300 350 400 450
T (K)

Figure 6.28 Mean hole volume v} calculated from the lifetime 73, of HQ (stars), H6 (filled

circle), and H8 (open squares) as a function of temperature T during heating the samples.
The lines are a guide for the eyes.

The variation in the mean hole volume from PALS, vn(zi), is compared with
the specific volume from PVT experiments, Vs,, for HQ (figure 6.29) and H8

(figure 6.30), respectively. The scales are chosen so that the data points of
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both volumes at 300 K and immediately after complete side-chain melting

(melting end point temperature T,,) correspond to each other. The specific

volume jumps at T, to a higher value by a factor of 1.0184 (HQ) and 1.0625

(H8). The corresponding changes in the hole volume are 1.55 (HQ) and 2.47

(H8). The increases in vy, are extremely strong, showing that the dominating

part of the volume increase at T, if not all, occurs in the hole free volume. In

the solid vy and Vs, exhibit a parallel behaviour, while in the liquid there is an

increasing discrepancy with increase temperature.

Plots of Vsp(T) vs. vi in the temperature range between 300 K and T, — 10 K

can be fitted to a straight line. The specific number density can be obtained by
the fitting: Ny’ = 0.11x10%* g* (HQ) and 0.17x10% g* (H8).
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Figure 6.29 Comparison of mean local free volume from PALS, vy(73)) (solid dot), with
specific volume from PVT experiments, V,, (empty dot), for HQ. The scales are normalized
so that the data points of both volumes at 300 K and at the end pomt of melting, T, concur.
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6.2.3 Conclusion

The PALS experiment can be applied to study phase transitions in polymers
with complex structures. For side chain crystalline semifluorinated polyesters
studied in this work, the o-Ps lifetime 733 = 1.0 — 2.1 ns and =) = 1.9 - 6.0 ns,
corresponding to two phases: a) the densely packed crystalline structure; b)
the more open amorphous structure. The hole volume v;, varies between 80 A3
at 100 K and 580 A® at 470 K for these samples. The specific hole density is
0.1 — 0.2 x10* g* corresponding to 0.2 — 0.3 nm™. The v}, shows an abrupt
increase at T, by a factor of 1.5 — 2.5. Vg, increases at Tr, by a factor of 1.018 -
1.062, much smaller than that of v,. The 0-Ps intensities Iz and I3 show at
Tm a sharp decrease and increase, respectively. I35 > 0 at T > T, may show
that some ordered regions survive melting. The lifetime 7z does not show a
response to the phase transition. Above T, there is an increasing discrepancy
of v, with T to the specific volume Vsp. This may be related to the structural and
chemical heterogeneous nature of this polymer. ;) decreases with T in good
correlation with T-SAXS experiments which show that the separation width of
the ordered layers decrease from 5.8 to 4.5 nm. In contrast to PALS, PVT is
sensitive to isotropization, which exhibits a small volume effect at high

temperature.
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7 Low molecular-weight organic materials: ionic liquids

7.1 Introduction

Low molecular-weight organics, ionic liquids are organic salts with melting
temperature below 100 °C or even room temperature. Compared with its
variety in application [1-5], origins of several underlying physical properties are
unclear. In this work, positron annihilation lifetime spectroscopy is used to
study a series of ionic liquids with the same cation
1-Butyl-3-methylimidazolium ([BMIM]) and different anions with different
volumes. Local free volume changes with temperature can be observed under
phase transitions between amorphous, crystalline, solid and liquid states. The

hole volume relationship with molecular volume is represented.

7.2 Experimental

The samples were supplied by Prof. Dr. Ingo Krossing from University of
Freiburg. Preparation and purification procedures are described in the
literature [6, 7]. The series of ionic liquids in this work has the same cation
(1-Butyl-3-methylimidazolium, [BMIM]) and different anions (tetrafluoroborate
[BF4], Dbis(trifluoromethanesulfonyl)imide [NTf,], trifluoromethanesulfonate
[OTf], hexafluorophosphate [PFe¢], chloride [CI] and tetrakis
(hexafluoroisop-ropoxy)borate [B(hfip)4]) as displayed in figure 7.1.

v\, T \ \\S/“\S// F

N—" F=———B—F

C &
= | N\ / F
F
[BMIM]" [BF.] [NTE]
OCH(CF3)2
E
F F F\ .
[ Cr (FsC);HCO—— B —— OCH(CF3)2
| p—p=—F
O=1=° / \ OCH(CFs),
| FF
0]
[OTH] [PFe] [CIT [B(hfip)s]

Figure 7.1 lonic formulae of the ionic liquids studied in this work.
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Due to negligible vapor-pressure, the ionic liquids can be measured in

vacuum condition using positron annihilation lifetime spectroscopy (PALS). A
?2Na positron source protected by 7um Kapton foil each side is surrounded by
2 mm thick layer ionic liquid sample (liquid or solid) in the sample holder. The
holder was attached to a finger with the cooling and heating system in a
chamber with a pressure of 10 Pa. A fast-fast coincidence system with 310 ps
time resolution and 25.7 ps analyzer channel width is applied for the positron
lifetime measurement. Cooling and heating runs were performed in the
temperature range from as low as 140 K to several decades higher than the
melting point for each sample in steps of 5 or 10 K. At least 4 x 10° counts
were collected for each spectrum, which needs 5 — 7 hours.

Pressure-volume-temperature (PVT) experiments for [BMIM][BF,] and
[BMIM][CI] were taken by Dirk Pfefferkorn from the Institute of Chemistry of the
Martin-Luther-University Halle-Wittenberg. Dr. J. Pionteck (Leibniz-Institut fur
Polymerforschung Dresden e.V.) provided the PVT data for [BMIM][NTf,] and
[BMIM][PFg]. Dielectric  spectroscopy experiments for [BMIM][BF,],
[BMIM][NTf,], [BMIM][PF¢] and [BMIM][CI] were carried out by Professor Dr.
Marian Paluch from the Institute of Physics, University of Silesia.

7.3 Results and discussion
7.3.1 1-Butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4]

1-Butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4] represents a
classical ionic liquid with a simple temperature dependence behavior. Its
chemical formula is CgH1s5BF4N>, and the molecular mass is M = 226.0 g/mol.
[BMIM][BF4] does not crystallize and shows only the glass transition at Tg =
188 — 190 K [8-10] (figure 7.2).

In agreement with the differential scanning calorimetry (DSC) results, the
lifetime parameters from PALS experiments exhibit a simple and transparent
behavior, which is similar to that known for amorphous polymers or
low-molecular weight glass formers [11]. Figures 7.3 to 7.5 show the most
important lifetime parameters, which are all reversible in cooling and heating
runs. During cooling the mean o-Ps lifetime <zz> decreases from 2.85 ns in the
temperature range from 280 K - 350 K to 1.35 ns at 130 K (figure 7.3). The
curve shows a characteristic change in the slope at a temperature Ty4(PALS) =
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190 + 3 K. This point can be identified as the glass transition.
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Figure 7.2 Differential scanning calorimetry (DSC) scan for [BMIM][BF4][8].

Due to increased thermal motion of ions, the holes between them grow in
the heating run and show an increasingly broader distribution indicated by the
increasing width of the hole size distribution o3. The small value of /3 (11% -
13%) can be attributed to the solvation of free slowed-down positrons - the Ps
precursor - which reduces the Ps formation probability. This process seems to
occur in the true and also in the supercooled liquid.

301 [BMIM][BF] 8800050 |
@ 251 ¢ cooling <t,> ]
= o heating T
Ao 2,01 :
v

1.5 .
__1.01 .
(72}

c
~ 0.5 .
b
0.04——strs . . . .
100 150 200 250 300 350
T (K)

Figure 7.3 The mean, <z;>, and the standard deviation, a3, of the 0-Ps lifetime distribution
as a function of temperature T during cooling and heating of [BMIM][BF,]. T, indicates the
glass transition temperature and Ty the “knee” temperature.

There is a second characteristic point in the <z> curve at T, = 280+5 K (the
“knee” temperature), which is characterized by a leveling-off of the increase in
the o-Ps lifetime <z>. This behavior can be attributed, like for amorphous
polymers, to the decreased structural relaxation time, which comes into the

order of the o-Ps lifetime. Actually, from the Vogel-Fulcher-Tamman (VFT) fits

-75 -



Chapter 7 Low molecular-weight organic materials: ionic liquids

to the main or coa-relaxation of [BMIM][BF4] from dielectric spectroscopy

experiment, shown in figure 7.6, one can estimate a relaxation time 7z, = zmax Of
2.85ns at T =275 K ~ T. At this and higher temperatures, the hole walls move
during the life of o-Ps, which leads to a smearing of the hole size detected by
o0-Ps. The combined effect of hole expansion and increasing hole smearing
may cause the apparent constancy of <z>. The o0-Ps lifetime does not
anymore mirror correctly the true hole size and the true free volume structure
of the liquid. Below Ty, 0-Ps makes “snapshots” of a structure which fluctuates
in space and time. This is mirrored in the distribution of o-Ps lifetimes (of hole

sizes). Below Ty, the structural dynamics is frozen and more or less static.

15+ .
W
10+ 1
S
- g] [BMIMIBF] ]
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0 —r T+ T 1T 7T T T 1 T

100 150 200 250 300 350
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Figure 7.4 The intensity I of the o0-Ps lifetime as a function of temperature T during cooling

and heating of [BMIM][BF,].
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Figure 7.5 The mean, <z>, and the standard deviation, o, of the e” lifetime distribution as a
function of temperature T during cooling and heating of [BMIM][BF,].

The mean e lifetime <> shows a behavior analogous to <z> (figure 7.5).

The width parameter o, varies only slightly around 0.05 ns.
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VTF fitting g
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Figure 7.6 Vogel-Fulcher-Tamman (VFT) fit to the a-relaxation for [BMIM][BF4] of
dielectric spectroscopy experiment data.

The dielectric spectroscopy result for [BMIM][BF,] is displayed in figure 7.6
as temperature dependence of the relaxation time 7. The

Vogel-Fulcher-Tamman (VFT) fit:

Br
log10T, = logq07o + prgpy (7.1)
0

gives the parameters: log,,7, = -12.89, B’ = 581.72 and Ty = 140.8. So the
temperature T(z, = Zmax o-ps = 2.85 ns) = 275 K = T.

~1°07 [BMIMIBF] '
°§f/ 1+ cooling
5100, o heating ]
“¢ 50 :
6
0'. o T+ 1 T 1 T
100 150 200 250 300 350

T (K)
Figure 7.7 Number-weighted mean <v,> (spheres) and standard deviation oy (squares) of the
hole size calculated from positron lifetime.

Mean local free volume and its dispersion calculated by the Tao-Eldrup
model (section 5.6) from positron lifetime is shown in figure 7.7. <v,> linearly
increases with temperature from 50 A® to 150 A® with a slope change at Ty and
levels off at Ty like positron lifetime behaviour.

The pressure-volume-temperature (PVT) experiment result is shown in
figure 7.8. The specific volume Vs, increase linearly with temperature in the

temperature range 297 K — 474 K and decrease with increasing pressure.
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Figure 7.8 Specific total volume (Vsp) as a function of temperature T and pressure P from
pressure-volume-temperature (PVT) standard ITS runs for [BMIM][BF4].
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Figure 7.9 Plot of the specific volume from PVT experiment under 0 MPa vs the mean hole
volume at supercooled liquid state (between Ty and Ty). The line is a linear fit of the data.

A linear fit between the specific total volume from PVT experiment under O
MPa and mean hole volume from PALS experiment of the form:

Vsp = Np X< vy > 4V (7.2)
gives the specific hole density Ny’ = 0.442 x 10** g™and the occupied volume
Voee = 0.7574 cm®/g. The Sanchez-Lacombe (section 3.3) fitting of the PVT
experiment gives Ve = 0.7799 cm®/g, corresponding to the fitting value with 3%
difference.

The temperature dependence of the specific free volume V; and the free
volume fraction f, calculated from comparison of PVT and PALS experiments
are shown in figure 7.10. When considering the vacancies in the lattice-hole

liquid model as Schottky-point defects, the equilibrium concentration (hole
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fraction f, in this work) can be expressed by the Schottky equation [12]:

fn = Aexp(—Hp/kgT) (7.3)
A is a constant, kg is the Boltzmann constant, and H,, is the hole formation
enthalpy. Fitting with the data in figure 7.10 delivers A = 0.61709 and H, = 4.78
kJ/mol.
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Figure 7.10 Temperature dependence of specific free volume V; and free volume fraction f;.

7.3.2 1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
[BMIM][NTf,]

The chemical formula and the molecular mass for
1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide [BMIM][NTf,]
are C1oH15FsN304S, and 419.37 g/mol. [BMIM][NTf,] stays in amorphous state
(supercooled liquid and glassy with T4 = 186 K) during cooling, but shows
crystallization (T = 232 K) and melting (T, = 271 K) during heating as in DSC
experiments [10]. In correspondence with DSC results, the lifetime parameters
from PALS experiments exhibit phase transitions with temperature change. In
the cooling procedure, the mean o-Ps lifetime <zz> decreases from 3.5 ns in
the temperature range 270 K — 350 K to 1.6 ns at 140 K (figure 7.11) and
shows glass transition behavior at T4(PALS) = 190 * 5 K. The leveling off of the
curve gives Ty = 270 + 5 K. Due to decreased thermal motion of ions, hole size
distribution o3 steadily decrease. /5 decreases from 18% at glass state to 13 %
at true liquid (figure 7.12). The mean €' lifetime <z> shows a steadily
decrease during cooling, while the width parameter o, varies only slightly

around 0.07 ns as indicated in figure 7.13.
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Figure 7.11 The mean, <z > (squares), and the standard deviation, a3 (spheres), of the 0-Ps

lifetime distribution as a function of temperature T during cooling and heating of
[BMIM][NTT,].
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Figure 7.12 As for figure 7.11, but the o-Ps intensity I3.

The heating curve overlaps the cooling one below crystallization
temperature T.(PALS) = 205 + 5 K and above melting temperature T,,(PALS)
=270 £ 5 K (in correspond to Ty) for all the lifetime parameters (<>, o3, I3, <>
and o). T(PALS) is around 20 K lower than in DSC experiment, that may be
due to the different time scale of the experiments (10 K/min in DSC and 6
hours for one temperature point in PALS). Between T (PALS) and T,(PALS), a
sharp transition can be observed for all parameters: <z3> drops down from 1.9
ns to 1.5 ns, indicating crystallization of the supercooled liquid and stays at that
value until melting, jumping to 3.5 ns. o3 also descends at crystalline state. The

extraordinary large value of oz in the heating curve at 270 K is due to the
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two-phase character of the sample at this point (partially crystallized). <z> and

o, decrease at crystalline state during heating and jump to the value of cooling
in true liquid after melting. /5 rapidly increase at crystalline state and drops to a
low value of 13% after melting. This behavior can be attributed to a solvation of

e’ by the anions, which reduces the Ps formation probability in the true and
supercooled liquid.

[BMIM][NTF,]

0.40 A filled: cooling
empty: heating

0.35 A1

L L L L 7
100 150 200 250 300 350
T (K)

Figure 7.13 As for figure 7.11, but the mean, <z> (squares), and the standard deviation, o,
(spheres), of the e” lifetime distribution.

4.0 [C.MIM][NTf ]
1 [BMIM]INTf)] Yy

filled: cooling
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100 150 '260'1_' ')'25'0' 300 350
Figure 7.14 Comparison of the mean, <z > (squares), and the standard deviation, oz (spheres)
of the o0-Ps lifetime distribution for [CsMIM][NTT;] (Ref. [13]) with [BMIM][NTf,].
PALS parameters of ionic liquid [C3MIM][NTf;] from our previous work [13],
which has the same anion but one CH, group less than [BMIM][NTf,] are
compared to [BMIM][NTf,] in figure 7.14. <z > and o3 exhibit very similar

behavior. The clearest difference is that, melting is shifted from 253 K for the
former sample to 270 K for the later one.
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The VFT fit from the dielectric spectroscopy data (figure 7.16) yields the

parameter: log,o7, IS -11.22, B’ is 317.65, and Ty, is 156.44. So the

temperature T(7, = ZTmax o-ps = 3.5 NS) = 271 K = T.

During cooling, <vi> linearly decreases with temperature from 240 A® to 60
A3 with a slope change at T4 and levels off at T, like positron lifetime behaviour.
A linear fit between the specific total volume from the PVT experiment under
0 MPa and the mean hole volume from PALS experiment gives the specific
hole density Niy = 0.179 x 10?* g* and occupied volume Vo = 0.6405 cm/g.
The Sanchez-Lacombe fitting of PVT experiment gives V.. with the value

0.6421 cm®/g, in agreement with the value obtained from PALS.

[BMIM][NTF,] s <V >

250

0-""I""I""I""I""I"-
100 150 200 250 300 350
T (K)
Figure 7.15 Number-weighted mean <v,> and standard deviation o} of the hole size
calculated from positron lifetime.

VFT fitting

Log, . (s)

[BMIM]INTf]
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Figure 7.16 VFT fits to the a-relaxation for [BMIM][NTTf,] of dielectric spectroscopy
experiment data.

-82-



Chapter 7 Low molecular-weight organic materials: ionic liquids
0.70 T T T T T

0-69-: [BMIM][NTF,]

supercooled liquid during cooling

\ (cmalg)

0.60 T T T T T T T T T T
0 50 100 3150 200 250

<v,> (A%

Figure 7.17 Plot of the specific volume from PVT experiment under 0 MPa vs the mean hole
volume at supercooled liquid state (between Ty and Ty). The line is a linear fit of the data.

The Schottky equation fit of f, with the data in figure 7.18 delivers A =
0.72517 and H;, = 5.54 kJ/mol.
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Figure 7.18 Temperature dependence of specific free volume V; and free volume fraction fi.

7.3.3 1-Butyl-3-methylimidazolium trifluoromethanesulfonate [BMIM][OTf]

[BMIM][OTf] ([OTf] = [triflate] = [CF3SO3]) shows a rather simple phase
behavior, as can be observed in figure 7.19. Following the DSC experiments
(rate of 10 K/min) of Fredlake et al. [8], it crystallizes during cooling at 254 K,
melting occurs during heating at 286 K [8].

Choudhury et al. [14], however, detected in DSC heating scans of
crystallized samples a phase transition at 251 K before melting occurred at
279 K. The [BMIM][OTf] was crystallized by cooling to 253 K, and
single-crystal X-ray diffraction data were collected at 200 K. The ions are
packed in the lattice via ionic interaction between CF3SOs— and the

imidazolium cation. Further, several C-H---O hydrogen bonds (H--O < 2.6 A)
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connect adjacent cations to anions to build the lattice. The [BMIM][OTf] forms
a monoclinic lattice with the parameters a = 10.222 A, b =12.534 A, ¢= 22.541
A, a=90.0°, B=93.28°, y=90.0 °, Veer = 2883.2 A%, prac = 1.33 g/cm® and M =
288.3.
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Figure 7.19 DSC-plot for [BMIM][OTf]. The data were recorded on a Setaram DSC131
instrument with a scanning rate of 5 K/min [15].
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Figure 7.20 The mean, <>, and the standard deviation, a3, of the 0-Ps lifetime distribution
as a function of temperature T during cooling and heating of [BMIM][OTf]. T, and T, show
the temperatures (half step) of crystallization (during cooling) and melting.

The lifetime parameters behave as simple as expected from the DSC
experiments (figures 7.20 — 7.22). During cooling, the mean o-Ps lifetime <z>
stays almost constant at 3.25 ns. The material is in the liquid state. Between
270 K and 260 K, <zz> drops down to 1.70 ns indicating the crystallization of
the sample. During further cooling <z> decreases slightly to 1.50 ns at 140 K.
The heating reproduces completely the lifetime parameters of the cooling

curve for the crystallized sample up to T, and continuous to increase linearly
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up to 285 K. Between 285 K and 290 K the parameters jump to the values of

the liquid state indicating melting. As discussed previously, the differences of
the o-Ps lifetime mirror the different packing density and different sizes of the
local free volume in the crystallized and liquid sample. Other than for
[BMIM][NTf,], the dispersion parameter oz shows no differences for the
crystallized and molten states. The extraordinary large value of oz in the
cooling curve at 265 K is due to the two-phase character of the sample at this
point (partially crystallized).

The o-Ps intensity /3 stays constant at 13% in the liquid state. It has
distinctly higher values in the crystalline state which vary between 19% (140 K)
and 33% (285 K). Crystallization and melting lead to a sharp increase or
decrease, respectively, of /5. As discussed for [BMIM][NTf;], the low value of /3
in the liquid state can be attributed to the solvation of spur electrons e~ and/or
thermalized positrons e by the ions of the liquid which decreases the Ps
formation reaction ™ + e" — Ps. This Ps inhibition effect is strongly reduced in
crystals due to the regular arrangement of ions and due to the formation of the
C-H---O hydrogen bonds.

35{ BMIM-OTf ;
304 * cooling ]
1 © heating

_ 257 ]

X ]

~ 201 ]
151 ]
101 ;
51 ;
O: T T T T T T T T T T T T T T T T T T T T

150 200 250 300
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Figure 7.21 As for figure 7.20, but the o-Ps intensity 5.
Finally, we look to the positron lifetime parameters <z7,> and o». Both
parameters behave analogously to <z>. The decrease during crystallization

and increase during melting show that e also feels in crystals a higher packing
density than in the liquid state of [BMIM][OTT].
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Figure 7.22 As for figure 7.20, but the mean, <>, and the standard deviation, o, of the e"
lifetime distribution.

7.3.4 1-Butyl-3-methylimidazolium hexafluorophosphate [BMIM][PFs]

[BMIM][PFg] shows a more complex phase behavior than many other ILs
including polymorphism in the crystalline state. This IL was investigated by
quasi-adiabatic, continuous calorimetric measurements, X-ray and neutron
diffraction by Triolo et al. [16, 17] and other authors [10, 14, 18-20]. Figure 7.23
shows the DSC plot from Freiburg [15]. During cooling (with a rate of 5 K/min)
the IL stays in the amorphous state and shows indications of the glass
transition around 190 K. During heating an exothermic peak mirrors the
crystallization, followed by a more complex behavior due to crystalline
transition. Melting occurs at 283 K.
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Figure 7.23 DSC-plot for [BMIM][PF¢]. The data were recorded on a Setaram DSC131
instrument with a scanning rate of 5 K/min [15].

Triolo et al.[17] found from quasi-adiabatic DSC and scattering experiments

the following processes: Upon heating the amorphous glass from 160 K, one
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can observe (i) the glass-liquid transition at 194 K (191 K in Ref. [18]), (ii) the
crystallization event (cr-1l formation) with an onset temperature of 220 K.
Indications of a crystal to crystal transition (cr-ll to cr-l, i.e., from the
low-temperature stable phase to the high-temperature one) upon further
heating can be observed around 252 K. The cr-I and cr-ll are different
crystalline phases.

The cr-l phase is triclinic with the structural parameters: a = 8.774 A, b =
8.944 A, ¢=9.032 Aand o= 95.95°, #=114.93°, and y=101.01° at 180 K [14].
The unit cell contains two molecules. Each [PFg] ion is involved in six different
C—H--- F interaction connecting four different imidazolium cations in the lattice.
The structure of the cr-Il phase seems not yet resolved.

Endo et al. [20] performed recently experiments with calorimetric and
Raman spectroscopy techniques. In heating experiments they identified three
crystalline phases. The conformations of the butyl group for these crystalline
phases are assigned to gauche-trans (GT), trans-trans (TT), and gauche’-trans
(G'T) conformations in lower-energy order. It has been shown that these three
conformers coexist in the liquid, supercooled liquid, and glass states. In
calorimetric heating experiments with a rate of 5 mK/s, transitions were
observed at 192 K (glass transition), 226.5 K (crystallization of crystal «, GT
conformation, peak-top), 250.3 K and 276 K (two crystal-crystal transitions « to
B (TT conformation) and B to y (G’'T conformation)), and 285.3 K (melting, all of
the three conformations appear). The transition at 276 K is hardly to observe
since it appears close to the melting peak.

Since the structure of this IL is more complicated and depends on the
thermal history of the sample, different PALS cooling and heating runs were
performed. As previously, first the cooling run was started at 300 K. Again,
each PALS measurement at the given temperature lasted 5 - 6 hours. In the
following part the most important lifetime parameters will be discussed.

a) First cooling (c1)

The o0-Ps lifetime 73 decreases almost linearly from 3.0 to 2.35 ns when
decreasing the temperature from 300 K to 235 K (figure 7.24). Between 235
and 230 K a sharp jump to 1.50 ns occurs which is linked with an increase of /3

from 15% to 27% (figure 7.25). At temperatures below the jump, z shows only
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a slight decrease to 1.40 ns at 150 K while /5 decreases linearly to 21%. This

jump of the lifetime parameters at T = 233 + 3 K can be attributed to the
crystallization of the supercooled liquid. The low value of z mirrors the dense
packing of the crystalline state and the high value of I3 can be interpreted as an
indication of the reduced solvation of e due to formation of hydrogen bonds
C—H--- Fin the crystal.
b) First heating (h1, after the cooling run)

The parameters 73 and /3 remain on the level of the crystallized sample up to
a temperature of 235 K. Between 235 K and 250 K a transition occurs and the
positron lifetime spectrum shows indications of an additional, longer
component. A four-term analysis was performed, but o3 and oz must be fixed to
zero to reduce the statistical scatter of the analyzed parameters. The results
are the following. In this temperature interval, 7z decreases from 1.50 ns to
1.20 ns while I3 drops off from 29% to 17%. The second, longer o-Ps lifetime
has values z; between 3.2 ns and 4.3 ns (with a mean of 3.8 ns at 280 K, figure
7.24) and a weak intensity of 1.9 — 2.5% (figure 7.25). In the temperature
range between 250 K and 280 K 73 stays constant at 1.20 ns while /3 shows an
increase from 16% to 22.5%. Between 280 K and 285 K the lifetime
parameters jump back to the values of the liquid, 7z = 3.0 ns and /3 =13.5%,
and remain here. This is in agreement with the melting temperature from DSC,
Tm = 282 K [10].

- 457 + cooling 1 ———T"————"———
E 401 © heatingl [BMIM][PF[:
& 35 * heat?ng 2 g T,

3.04—2 heating 3 woeco liquid
2 25 <T3> ;
Ny 2.09h2, glass ,, s+
V 15 " ]
10 o, ]
g 0.5 h3 . [ 'Y ] [ ] 2 _i
6" 0.0+ '
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T (K)
Figure 7.24 The mean, <>, and the standard deviation, a3, of the 0-Ps lifetime distribution

as a function of temperature T during cooling and heating of [BMIM][PF¢]. 7, shows an
additional o-Ps lifetime, which appears after transformation of the cr-11 into the cr-1 phase.
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¢) Second heating (h2, after fast cooling the sample from 300 K to 130 K)

The cooling of the sample inside the PALS device from the liquid state at
300 K to 130 K took about 30 minutes (5 K/min). The lifetime spectrum shows
at 130 K three components with 7z = 1.57 ns being slightly larger than that for
the crystallized state (1.42 ns). I3 =14.0% corresponds to the value of the liquid
and is clearly smaller than in the crystallized state (21.5%). The small /5 values
can be attributed to the reduced Ps formation as consequence of the solvation
of e by anions. From this observation one can conclude that the sample
remains amorphous and is in the glassy state at 130 K as has been found also
in DSC cooling experiments (figure 7.23). When increasing the temperature, 3
shows a slight rise with an increase in the slope at the glass transition
temperature of T¢(PALS)= 188 + 3 K in agreement with DSC experiments
(T4(DSC) = 191 - 194 K [10, 17, 18]).

Between 210 K and 225 K, 73 and /3 go down and up respectively to the level
of the crystallized sample (1.50 ns, 27%). This change can be attributed to cold
crystallization of the sample in agreement with Toneet = 220 K from DSC [17]
(230 K in Ref. [10]). The lifetime parameters stay at their level up to 240 K and
exhibit between this temperature and 255 K the transition to the state observed

already in the first heating run (z = 1.20 ns, /I3 = 28%).
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Figure 7.25 As for figure 7.24, but the two 0-Ps intensities 13 and I,.

Following the work of Triolo et al. [17], the phase which is formed during cold
crystallization of the quenched sample at 210 - 225 K is cr-Il. It is characterized

by 7z = 1.50 ns and /3 = 27% (230 K). Obviously, this phase is also formed
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during the crystallization in the cooling run at 225 to 230 K. This process was

not observed before. During heating the cr-ll phase transforms at
temperatures between 240 - 255 K to the crystalline phase cr-1 (Tiansition(DSC)
=252 K [17]).z lowers to 1.20 ns and a longer o-Ps lifetime of ~3.8 ns with a
small intensity of ~2% appears. This lifetime component can be attributed to
larger vacancy-type defects, such as voids and/or grain-boundaries, which can
appear due to the internal deformation of the sample during the cr-II to cr-I
transition. As shown by Triolo et al.[17], the cr-l phase is also formed when
holding the liquid sample for a longer period at 260 K, that is above the cr-1l to
cr-l transition.

There are two possible interpretations of the lowering of the lifetime z; from
1.50 ns to 1.20 ns at the cr-II to cr-1 transition at 210 — 255 K. The low 73 may
mirror the more dense crystalline packing in cr-1 than in cr-ll, 73 = zps ¢ = 1.2
ns. In this case it is assumed that the fourth component 7, comes from o-Ps
directly formed at vacancy defects. The alternative explanation is that o-Ps
particles are first formed in the crystalline phase cr-I. A fraction of them may
diffuse to the vacancy defects and get trapped there and annihilates. In this
case the third lifetime can be expressed by

73 = 1/(1/Tpscr—1 + Kps,tr) (7.4)
where s ¢ IS the true o-Ps lifetime in the cr-I crystal and «ps i IS the trapping
rate of Ps by vacancy defects. Usually, it is assumed that Ps trapping is
diffusion-limited, then the trapping rate is given by &psy = 4nDpsXriapxN [21].
Here riap is the radius of the trap, N is its volume concentration, and Des is the
Ps diffusion coefficient. In crystals Dps has a value of 0.2 cm?/s while in
amorphous materials it is only 10* cm?%/s [21]. The important point is that now
73 < 7. The value of 7 is characteristic of the vacancy trap and does not
depend on «psyr, but /4 would increase with increasing «ps 1.

It is important to notice that the lowering of 7z and the appearance of the
extra o-Ps lifetime z; is not observed for crystallized [BMIM][NTf,]. Obviously,
these effects are caused by the crystalline-crystalline transition, which does
not occur in the latter material.

d) Third heating (h3, after fast cooling the sample from 275 K to 180 K)
The second heating run stopped at 275 K, i.e. before the solid-liquid
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transition and the sample was cooled to 180 K. The next heating h3 occurred

in large temperature steps. The lifetime parameters z and /3 remain on the
level of the cr-1 phase and no transition to the cr-1l phase was observed, which
is in agreement with X-ray diffraction data [17]. The o-Ps lifetime 7z, shows
strong temperature dependence and increases from 2.2 ns (180 K) to 3.8 ns
(280 K). The nature of this variation is not yet clear. Between 280 K and 285 K
the cr-1 to liquid transition can be observed as a jump of 73 (I3) to larger (smaller)
values.

The dispersion parameter oz of the o-Ps lifetime distribution is shown in
figure 7.24. This value decreases with decreasing temperature and disappears
at 150 K. The data fixed to o3 = 0 are not plotted in this figure. Surprisingly,
there is no clear difference in o3 between the supercooled liquid and glassy
state on the one side and the cr-Il state on the other side. In this respect
[BMIM][PF¢] differs from [BMIM][NTf,] and [CsMIM][NTf,] (Ref.[13]).
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Figure 7.26 As for figure 7.24, but the mean, <>, and the standard deviation, o, of the e"
lifetime distribution.

Figure 7.26 shows the e lifetime parameters » and o,. Due to the large
statistical scatter the behavior of these parameters is not so clear, however the
transitions of supercooled liquid to cr-Il (c1) and cr-Il to cr-1 (h1 and h2) have
also a clear effect on these parameters.

In summary, we found that [BMIM][PFg] stays in the amorphous,
supercooled liquid or glassy state when cooling quickly from the liquid at 300 K
to 130 K. During heating the o-Ps lifetime shows the glass transition at

T4(PALS) = 188 K and a cold crystallization at 210-224 K by an abrupt lowering
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of the o-Ps lifetime 73 and increase of the o-Ps intensity /5. The low lifetime

mirrors the dense packing of the crystal compared with the amorphous state.
The increased /5 is due to the reduction of the solvation of e [20], the Ps
precursor, as consequence of hydrogen bond formation in the crystal [14]. The
formed phase is interpreted as cr-1l crystal. This phase is also formed in the
cooling run at 230 — 235 K. The transformation of the cr-II to the cr-I phase is
observed as a further lowering of the o-Ps lifetime =3 from 1.50 ns to 1.20 ns
and the appearance of a second, longer o-Ps lifetime z; of ~3.8 ns. This
lifetime is attributed to vacancy-type defects and/or grain boundaries which

may be formed during the crystalline phase transition.
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Figure 7.27 VFT fits to the a-relaxation for [BMIM][PFs] of dielectric spectroscopy
experiment data.

A VFT fit from dielectric spectroscopy data (figure 7.27) delivers the
parameter log,,t, =-14.78, B’=977.12 and Ty = 132.49. So the temperature
T(7e = 7max_o-ps = 3 NS) = 288 K, about 5 K higher than T.
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Figure 7.28 Number-weighted mean <v,> and standard deviation oy of the hole size
calculated from positron lifetime.
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The temperature dependence of <vy> and oy in amorphous state (glass,

supercooled liquid and true liquid) is exhibited in figure 7.28. The <v;> linearly

changes with temperature from 65 A* to 180 A® with a slope change at Ty and

levels off at Ty like positron lifetime.

Comparison between the specific total volume from PVT experiment under 0

MPa and the mean hole volume from PALS experiment gives a specific hole
density Niy = 0.376 x 10?* g™ and the occupied volume Ve 0.6670 cm®/g. The

Sanchez-Lacombe fitting of the PVT experiment gives V,.. with the value

0.6880 cm®/g, in agreement with the value obtained from PALS.
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Figure 7.29 Plot of the specific volume from PVT experiment under 0 MPa vs the mean hole
volume at supercooled liquid state. The line is a linear fit of the data.

A Schottky equation fit of f, with the data in figure 7.30 delivers A = 0.55247
and Hy = 4.36 kJ/mol.
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Figure 7.30 Temperature dependence of specific free volume V; and free volume fraction fi.

7.3.5 1-Butyl-3-methylimidazolium chloride [BMIM][CI]

[BMIM][CI] is a prototype ionic liquid with a melting point above room
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temperature. This material shows crystal polymorphism [22-27]. Two

polymorphs are designated as Crystal (1) and (2). Usually the more stable
Crystal (1) phase is formed. Figure 7.31 shows the behavior of the molar heat
capacity for the glass-liquid and Crystal (1) phase derived from adiabatic
calorimetry [26]. The glass phase was produced by cooling the liquid at a rate
of ca. 2 K/min down to 5 K. During heating a glass transition appeared around
Ty =225 K. The Crystal (1) was produced by cooling the sample down to 200 K
and then annealing it for a day at around 290 K. This phase fused at T, = 341
K accompanying a long low-temperature tail starting from ca. 240 K. The
low-temperature tail was attributed to the gradual change of conformation of
the butyl-group. The transitions follow the Ty/Tm = 2/3 law.
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Figure 7.31 Molar heat capacity of the glass-liquid phase (open circles) and Crystal (1) phase
(close circles) of [BMIM][CI](Ref.[26]).

Raman spectroscopy showed that two types of crystals denoted as Crystal
(1) and Crystal (2) are formed when cooling the liquid to 255 K and keeping it
for 48 h [22]. Crystal (2) dominated in this procedure, but was converted to
Crystal (1) when leaving the sample for more than 24 h at dry-ice temperature.
Therefore it was concluded that Crystal (2) is a metastable form and Crystal (1)
is the stable form at dry-ice temperature. Using X-ray powder diffraction
investigation it was shown that both modifications have distinct crystal
structures. It was also noted that the continuous background in the X-ray
powder pattern is higher in Crystal (2) than in Crystal (1), indicating that Crystal
(2) contains more disordered structures than Crystal (1). The [BMIM]" cation
may appear in two rotational isomers: in the trans-trans configuration and in

the gauche-trans configuration [24]. It was found that in Crystal (1) only the
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trans-trans configuration occurs. In the melt of [BMIM][CI], like for [BMIM][BF4]

(Ref. [24]), both rotational isomers appear, which explains the disorder of the
liquid.

Single crystal X-ray diffraction has been used to determine the structure of
the crystal polymorphs. Saha et al.[23] determined the structure of Crystal (1)
grown from the melt at room temperature to be monoclinic with a = 9.982 A, b=
11.590 A, ¢ =10.077 A, #=121.80°, V=990.8 A3, Z=4, and peac = 1.17 glcm®.
The chemical formula is CgH1sN.Cl and M = 174.67.

Nishikawa et al.[27] studied in detail the melting and freezing behavior of
Crystal (1) and Crystal (2), where Crystal (2) was found to have an
orthorhombic structure. This structure was studied by single crystal X-ray
diffraction by Holbrey et al.[25], but denoted as form (/). It has the lattice
parameters a = 10.113 A, b= 11.411 A, c=8.3285 A, V=961.1 A3 (at T = 171
K), and Z = 4. The cation has four close anions at, or below, the van der Waals
distance, and three further with slightly larger distances, forming C-H---Cl
bonds. The shortest contact, to the C(2)-H hydrogen, results in an almost
linear hydrogen bond (2.57 A, 161°). DSC shows melting of this crystal at 339

K.
4.0
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Figure 7.32 The mean, <>, and the standard deviation, a3, of the 0-Ps lifetime distribution
as a function of temperature T during cooling and heating of [BMIM][CI]. z; shows an
additional o-Ps lifetime which appears after crystallization.

Figures 7.32 to 7.34 show the results of the PALS experiment. During
cooling [BMIM][CI], the mean o-Ps lifetime <z> shows a behavior which is
typical for amorphous materials (figure 7.32). From this behavior one may
conclude that the sample remains in the amorphous state although the cooling

rate is rather small (6 h per measured point). The <z> decreases from 2.50 ns
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at 370 Kto 1.25 ns at 130 K. The glass transition appears at T4(PALS) = 230 *

5 K in agreement with calorimetry [26]. Analogously to the o-Ps lifetime <z>,
the mean e” lifetime <> shows the glass transition at the same temperature,
while the width of the e* lifetime distributions, o», goes continuously down
(figure 7.34). The intensity of the o-Ps lifetime component, /3, is almost
constant at 13% (figure 7.33).

The same behaviour as during cooling can be observed in the heating run,
performed after cooling, up to a temperature of 280 K. Between 280 K and 290
K a sharp transition can be observed in all parameters. The <z> drops down
from 2.50 ns to 0.80 ns. A similar effect also occurs for <z>. As previously, this

behaviour can be attributed to the cold crystallization of the supercooled liquid.
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Figure 7.34 As for figure 7.32, but the mean, <>, and the standard deviation, o, of the e"
lifetime distribution.

As found for [BMIM][PF¢], the fit of the lifetime spectra was sufficient only
when allowing four lifetime components. During the fits the dispersion

parameters o3 and oz were set to zero to reduce the scatter in the analysed
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parameters. A second, longer o-Ps lifetime appeared with 7 = 3.55 ns in the

average and an intensity of I, = 2.5%. This component can be attributed to
o-Ps annihilation at voids and/or grain boundaries. Holbrey et al. [25]
discussed that, because both crystalline polymorphs of [BMIM][CI] have
distinct and non-mixing crystal lattices, their formation of an eutectic liquid
region below the melting points of both polymorphs might be anticipated from
the competition between the two crystalline forms. <z;> = 0.80 ns is a rather
low o-Ps lifetime. As for [BMIM][PFg], it can be explained by very dense
packing of ions in the Crystal (1) phase, and/or by the trapping of o-Ps, formed
in the crystal, to the vacancy defects (compare equation (7.4)). The decreases
of <»> and o during crystallization may indicate the rather dense packing of
this crystal phase.

The low value of /3 = 13% in the true and supercooled liquid including the
glass can be attributed to a solvation of " by the CI” anions, which reduces the
Ps formation probability. In the crystallized material the anions are fixed in
C-H---Cl bonds, which reduces or nullifies the solvation and increases the Ps
formation. This leads to the increase of /3 from 13% to 25%. In the temperature
range between 330 and 350 K all parameter change to the values of the liquid.

In summary, the PALS data show that [BMIM][CI] remains in the amorphous
state (supercooled liquid, glass) during slowly cooling. During heating, it shows
the glass transition at 230 K and cold crystallization at 280 - 290 K. The o-Ps
lifetime drops down, and a second, longer o-Ps lifetime z; appears, which can
be attributed to vacancy-type defects. The melting occurs at 330 - 350 K where

all lifetime parameters recover to the values of the liquid.

VTF fiting

Log, t (s)

51 [BMIM]CI]

T T T T T
180 200 220, .240 260 280
T(K)

Figure 7.35 VFT fits to the a-relaxation for [BMIM][CI] of dielectric spectroscopy
experiment data.
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A VFT fit from dielectric spectroscopy data (figure 7.35) delivers the

parameter log,,t, =-11.60, B’=677.80 and T = 128.23. So the temperature
T(7y, = Tmax o-ps = 2.5 nS) = 354 K is about 10 K higher than Ty.

The temperature dependence of <vy> and oy in amorphous state (glass,
supercooled liquid and true liquid) during cooling is exhibited in figure 7.36.
The <v> linearly decrease with temperature from 115 A3 to 47 A3 with a slope
change at T4 and levels off at T like positron lifetime.

Comparison between the specific total volume from PVT experiment under 0
MPa and mean hole volume from PALS experiment gives the specific hole
density Niy = 0.584 x 10%* g* and the occupied volume Vy. = 0.8822 cm®/g.
The Sanchez-Lacombe fitting of PVT experiment gives V.. with the value

0.9055 cm®/g, in agreement with the value obtained from PALS.

120 1 B

_ [BMIM][CI]

b

~ 100 A : ]
N cooling <v,>

\7‘ amorphous state

100 1&1)0 Z(I)O ZéO S(I)O 35I0 400
T (K)

Figure 7.36 Number-weighted mean <v,> and standard deviation oy of the hole size

calculated from positron lifetime.
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Figure 7.37 Plot of the specific volume from PVT experiment under 0 MPa vs the mean hole
volume at supercooled liquid state. The line is a linear fit of the data.
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Figure 7.38 Temperature dependence of specific free volume V; and free volume fraction fj,.

The Schottky equation fit of f, with the data in figure 7.38 delivers A =
0.65748 and H;, = 6.23 kJ/mol.

7.3.6 1-Butyl-3-methylimidazolium tetrakis(hexafluoroisopropoxy)borate
[BMIM][B(hfip).]

The phase transition process for [BMIM][B(hfip)4] is rather simple in the
PALS experiment. Lifetime parameters are reversible during cooling and
heating. Melting and crystallization occur at 327 + 3 K. During cooling <zz>
drops sharply from 4.35 ns to 2.0 ns at crystallization temperature, and slightly
decrease after that in the crystalline solid state. oz shows steadily linear
change with temperature and drops a little in true liquid state. <z> levels off at

true liquid and corresponds to a volume of 340 — 350 A3,

5.0+ . . : : .
4.5_5 [BMlM][B(hfip)4] liquid
—~ 4'0_; —B—heating —
8 35 I —&—cooling 3
= 7 2 heating after fast cooling E
e” ] from 340 to 150 K ]
3.04 3
2.5—3 _
2.0 ;
—_ 1.5—3 _
@
= 1.0 E
° 0.5-5 o ° . . 4 °.:;. oo _f
] P 3 ]
1 o N ]
0L0++————T T T
150 200 250 300 350

T (K)
Figure 7.39 The mean, <z>, and the standard deviation, a3, of the 0-Ps lifetime distribution
as a function of temperature T during cooling and heating of [BMIM][B(hfip),].

All the parameters obtained from DSC, PALS, PVT, and dielectric
spectroscopy experiments are summarized in table 7.1. The parameters in this

table are: Ty4(K)(DSC), Tw/Tc(DSC): glass transition, melting and crystallization
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temperature from DSC; Ty(PA

LS), T«: glass transition and “knee” temperature

from PALS; VOCC_Sp(cm3/g) (PALS): specific occupied volume from PALS

(compare with PVT); Ni(10%* g?): specific number density of hole volume;

Ma(g/mol): molecular weight; Ny (10%*g™): specific number density of molecule

(=Na/Ma, Na: Avogadro number); Voe(A®): molecular occupied volume
(=Vocc_sp/ Nw); log(w)(s), To(K), B'(DS_VFT): parameters from VFT fitting of

dielectric spectroscopy data; A, Hn(kJ/mol) (Schottky): parameters from fitting

hole fraction data with Schottky equation; £(Tg), fn(7x): hole fraction at glass

transition and “knee” temperature.

Table 7.1 Summarized parameter from experiment result for the ionic liquids.

[BMIM]*
T,(K)(DSC)

Tm/Tcr
(DSC)

Tg( PALS)
Tk
Tg/ 7—k

Voce_splcm*/g)
(PALS)

N{(10* g™)
Ma(g/mol)
Voec(A’)(PALS)
Ny (10*'g™)
N¢/Ny,

log()(s)
To(K)

iy
(BDS_VFT)

A
Hp(kJ/mol)
(Schottky)

fh(Tg)

fn(Ti)

[cn
225

341/290

230£5K
335+£5K
0.687

0.8822

0.584
174.67
256
3.4465
0.1694

-11.6
128.23
677.80

0.65748
6.23

0.025
(230)

0.070
(335)

[BFa]"

188-190

19043 K
280+5 K
0.679

0.7574

0.442
226

284
2.66372
0.1659

-12.89
140.8
581.72

0.61709
4.78

0.030
190

0.079
(280)

[PFe]”
190-194

283/220

188 +3 K
285+5K
0.660

0.6670

0.376
284.18
315
2.11838
0.177

-14.78
132.49
977.12

0.55247
4.36

0.034
188

0.088
(285)
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[OTf]”

286/254

288.29

[NTf]" [B(hfip)a]”
186

271/232

190+5K
27015 K
0.704

0.6405

0.179

419.37 818.153
446

1.43549

0.125

-11.22
156.44
317.65

0.72517
5.54

0.022
190

0.061
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7.4 Hole volumes and their distributions

In this section the results from PALS experiment are compared with the
molecular and ionic volumes calculated from X-ray diffraction data in order to
clear up whether both data sets show a systematic correlation. For a 1:1 salt
[A]'[X]” the molecular volume V,, is defined as the sum of the ionic volumes
V([A]") and V([X]"). From the experimental unit cell dimensions of X-ray crystal
structures, Vi, and the ionic volumes are calculated by [15, 28]:

Vin = V(IAT") + V(IXT) = Veen(A™X)/Z. (7.5)
here Ve is the volume of the unit cell of the crystal and Z is the number of
formula units in the cell. If the ionic volume of one of the ions is known, (e.g.
halide anions or alkaline metal cations), it may be used as a reference ion to
determine the ionic volume of the other ion in the structure. The volumes Vy,
V([A]) and V([X]") are taken from Refs. [15, 28, 29]. V([A]) = V([BMIM]") =
196 A% and the V([X]) vary between 47A3 ([CI]") and 556 A2 ([B(hfip)s]). The
molecular volumes V;,, = V(A*X") change from 240 A3 to 759 A3,

4'5: o ]
4.0- {00,
] —4=
3.51 —e—NTf -
— 3.0—; e OTE
2251 R
2.0 L
1.5 R
1.0 —eCr
] —O—
0.5 ———

150 200 250 300 350
T (K)

Figure 7.40 Comparison of the mean o0-Ps lifetime <z> for the ionic liquids under
investigation. Filled symbols: cooling, empty symbols: heating.
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Figure 7.41 Comparison of the mean hole volumes <v,,> for the liquid or supercooled liquid
and glassy states of the ionic liquids under investigation. Filled symbols: cooling, empty
symbols: heating. Free volume calculated by Firth theory [30] is shown as line in the graph.

Figure 7.40 and 7.41 show the PALS results: the mean o-Ps lifetime <z3>
and the (number weighted) mean local free or hole volume <vy>. The hole
volume was calculated only for those data points where the sample is in
disordered states, these are the liquid, supercooled liquid and glassy states.
Only for these states it is certain that the hole model can be applied. Table 7.2
includes the mean o-Ps lifetime, <z>, and the mean hole volume, <v>, for the
liquid (maximum values from figure 7.40 and 7.41), for the glass at 140 K, and
for the crystalline solid.

Table 7.2 X-ray molecular volumes V,, = V(A*X") and from these derived anion volumes
V(X") for a series of [BMIM]-based (crystallized) ionic liquids (top part). The volume of the
cation is V([BMIM]") = 196421 A% (From the collection given in Refs. [15, 28]. The ion
volumes for [CI]", [BF4]", and [PFs]” were taken from Ref. [29]). The bottom part shows the
PALS results: the mean o-Ps lifetime, <z>, and the mean hole volume, <v,>, for the liquid
(maximum values from figure 7.40 and 7.41), for the glass at 140 K, and for the crystalline
solid. Molecular occupied volume V. were taken from Table 7.1.

[BMIM]* [CI | [BR] | [PRe] [OTT | [NTf] | [B(hfip)s]
V= VIA'X) (RY) 240 269+30 | 305+29 327436 | 428436 | 759
V(IXT) (A% 47413 | 7349 107410 12947 | 232+15 | 556

liquid (<>, ns; 2.50 2.85 3.03 3.28 3.505 4.35

<y,>, AP 11545 | 15045 | 18045 21545 | 24045 | 34045
glass, 140 K (=, ns ; 1.25 1.40 1.60 1.60

<yp>, A% Y 36+3 | 4743 61+3 61+3

crystal (<z> ns) Y 0.78 - 1.50/1.25 | 1.70 1.45 1.70 - 2.00
Voee(A%) (PALS) 256 284 315 446

1) The lifetimes have all a mean error of not more than +0.05 ns.
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Free volume calculated by Firth’s theory [30] (section 4.2) from surface

tension [31, 32] is also displayed in figure 7.41 as line for the ionic liquids. For
[BMIM][NTf;], the hole volume from Frth’'s theory fits well with the result of
PALS experiment. For [BMIM][CI] the deviation from the two method is quite
large, but still in the same dimension.

It can be observed that <z> and <vy> grow systematically with the volumes
Vimn and V([X]), respectively. For a more quantitative discussion figure 7.42
plots the hole volume <vy> in the liquid and in the glass states (empty circles)
as function of the molecular volume V,, = V(A"X"). The data can be roughly
fitted by straight lines constrained to pass zero, with slopes of d<vy>/dV,, =
1.00+0.07 and 0.33+0.026, respectively. The hole volume of [BMIM][B(hfip)4]
deviates mostly from the straight line and is lower than the fit. A better fit is
obtained by a quadratic function. Figure 7.43 shows the same hole volumes as
a function of the anionic volume V([X]"). Here linear fits are worse, and

quadratic fits to the data are shown.

so{ e
300

250 %

00 ¢

<v,> (A%
N
L Y

0
0O 100 200 300 400 500 600 700 800 900
V(&)
Figure 7.42 The hole volumes of various ILs in the liquid (filled circles) and in the glass (140

K, empty circles) states as function of the molecular volume V., = V(A"X"). The straight lines
are linear fits constrained to pass zero, the dashed line shows a quadratic fit.

The correlation between the mean volume of gaps between the particles, in
the disordered state of the ionic liquids, <vy>, and the size of particles forming
the material, V([X]") and Vi, (Vin/2 can be considered as mean volume of both
particles (cation and anion) forming the IL), can be discussed as follows. All
ions of the ionic liquids of our work have a more or less three dimensional

shape. In a dense packing the gaps between the ions grow with the
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geometrical size of the ions. The gaps are small in the glassy state of the ionic
liquids (<vy,> at 140 K) and show an only small size distribution (small or
disappearing width parameter o3 and op). The particle movement (primary
relaxation) is frozen. Above the glass transition, particles show a mobility with
increasing frequency (analysed by dielectric spectroscopy, for example) and
amplitude (analysed by neutron scattering as mean square displacement)
resulting in the thermal density fluctuation. Consequently, the empty spaces
(holes) between the particles show a size (and shape) fluctuation in space and
time. The o-Ps probe makes snap-shots of this fluctuating hole structure and
mirrors this as quasi-static hole size distribution. Its mean value, <vy>, and
width, oy, grow with increasing temperature. At the so-called knee-temperature
Tk, which is close to the melting temperature T, the frequencies of molecular
motion become very high and the hole walls move significantly during the
lifetime of o-Ps. This results in an apparent smearing of the hole size and the
almost constant behaviour of the o-Ps lifetime. PVT experiments show that the

free volume increases continuously with T.

ss0{ i
300 et ]
250' //i/ -;
200 I ]
1501 ]
100- ]
501 o7 8- ]
. _

<v,> (A%
»

0 100 200 300 400 500 600
V(X) (&)
Figure 7.43 The hole volumes of various ILs in the liquid (filled circles) and in the glassy

(140 K, empty circles) states as function of the volume of the anion molecular volume V([X]).
The dashed lines are quadratic fits to the data.

Some of the ionic liquids under investigation cannot be undercooled or show
crystallization in the heating run. In the lifetime spectra the formation of the
crystalline state is indicated mainly by the distinct lowering of o-Ps lifetime.
This shows generally that o-Ps feels a structure which exhibits a more dense
packing than the disordered, supercooled state of the same material.

Unfortunately, the quantitative description of Ps annihilation in organic crystals
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is less developed.

There are different possible types of annihilation sites for Ps in crystalline
matter: (i) Ps is in a delocalized Bloch state and moves in the empty spaces
between the lattice; Ps is localized (ii) in channel-like free spaces of the lattice,
(iii) in interstitial sites of the lattice (octahedral and tetrahedral holes), and (iv)
in vacancy-type lattice defects or at interfaces of the crystallites.

From the low value of the o-Ps lifetime in crystals, one may conclude that the
case (iv) does not play a major role in effecting the value of <z>. However, if
the fourth lifetime z; (the second, larger o-Ps lifetime) appears, like observed
for [BMIM][PFs] and [BMIM][CI], this lifetime can be attributed to larger vacancy
defects and grain boundaries. A lifetime of 7z = 3.5 ns ([BMIM][CI]) and 4.0 ns
(IBMIM][PFs]) would correspond to spherical hole size of volume 260 A® and
320 A3 This is larger than the holes in the liquid of the corresponding ionic
salts. As mentioned earlier, the small lifetime z; for crystals (0.80 ns for
[BMIM][CI], 1.20 ns for [BMIM][PFg] may be the result for trapping of o-Ps
formed in crystals at vacancy defects and grain boundaries with a rate xps .
Then zz mirrors not directly the bulk free volume (zsc) but is given by 7 =
11 toscr + Kps,tr)-

The other ILs do not show the 7z component. That means that the formed
crystallites seem to be sufficiently perfect, the volume fraction of grain
boundaries appears negligibly small, and no thermal vacancies are detected in
the crystal before melting. One has also to remark that the o-Ps lifetime in the
crystalline state is smaller than in the glass of the same material, which shows

the compact packing of the crystalline structure.

7.5 Conclusion

Important information of the local free volume in the amorphous (glass,
supercooled liquid, true liquid) and crystalline phases of ionic liquids as well as
the corresponding phase transitions can be obtained from PALS. The o-Ps
mean lifetime <z> and its dispersion o3 show different behaviour indicating
different phases (smaller values in crystalline phase due to dense packing of
the material). The parameters /3 and e lifetime also respond to phase

transition by sharp value change.
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The local free volume from PALS displays a systematic relationship with
molecular volume and ionic volume and is in good agreement with the Furth
theory [30].

- 106 -



Chapter 7 Low molecular-weight organic materials: ionic liquids

7.6 Reference

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Lee, B.S,, et al., Imidazolium lon-Terminated Self-Assembled Monolayers on Au: Effects of
Counteranions on Surface Wettability. Journal of the American Chemical Society, 2003.
126(2): p. 480-481.

Rogers, R.D. and K.R. Seddon, lonic Liquids--Solvents of the Future? Science, 2003.
302(5646): p. 792-793.

Seddon, K.R., lonic liquids: A taste of the future. Nature Materials, 2003. 2(6): p. 363-365.
Wang, P., et al., 4 Binary Ionic Liquid Electrolyte to Achieve =7% Power Conversion
Efficiencies in Dye-Sensitized Solar Cells. Chemistry of Materials, 2004. 16(14): p.
2694-2696.

Xu, W. and C.A. Angell, Solvent-Free Electrolytes with Aqueous Solution-Like Conductivities.
Science, 2003. 302(5644): p. 422-425.

Wasserscheid, P., M. Sesing, and W. Korth, Hydrogensulfate and
tetrakis(hydrogensulfato)borate ionic liquids: synthesis and catalytic application in highly
Bronsted-acidic systems for Friedel-Crafts alkylation. Green Chemistry, 2002. 4(2): p.
134-138.

Bonhoéte, P., et al., Hydrophobic, Highly Conductive Ambient-Temperature Molten Saltst.
Inorganic Chemistry, 1996. 35(5): p. 1168-1178.

Fredlake, C.P., et al., Thermophysical properties of imidazolium-based ionic liquids. Journal
of Chemical and Engineering Data, 2004. 49(4): p. 954-964.

Tokuda, H., et al., Physicochemical properties and structures of room temperature ionic
liquids. 1. Variation of anionic species. Journal of Physical Chemistry B, 2004. 108(42): p.
16593-16600.

Jin, H., et al., Physical properties of ionic liquids consisting of the
1-butyl-3-methylimidazolium cation with various anions and the
bis(trifluoromethylsulfonyl)imide anion with various cations. Journal of Physical Chemistry B,
2008. 112(1): p. 81-92.

Dlubek, G., et al., Temperature dependence of the free volume from positron lifetime
experiments and its relation to structural dynamics: Phenylphthalein-dimethylether. Physical
Review E, 2008. 78(5): p. -.

Schottky, Uber die Drehung der Atomachsen in festen Korpern. Physik. Zeitschr, 1922. XXI1I:
p. 448.

Dlubek, G., et al., Free volume in imidazolium triflimide ([CsMIM][NTf,]) ionic liquid from
positron lifetime: Amorphous, crystalline, and liquid states. The Journal of Chemical Physics,
2010. 133(12): p. 124502-10.

Choudhury, A.R., et al., In situ Crystallization of Low-Melting lonic Liquids. Journal of the
American Chemical Society, 2005. 127(48): p. 16792-16793.

Krossing, 1., et al., Why Are Ionic Liquids Liquid? A Simple Explanation Based on Lattice and
Solvation Energies. Journal of the American Chemical Society, 2006. 128(41): p.
13427-13434.

Triolo, A., et al., Relaxation Processes in Room Temperature lonic Liquids: The Case of
1-Butyl-3-Methyl Imidazolium Hexafluorophosphate. The Journal of Physical Chemistry B,
2005. 109(46): p. 22061-22066.

Triolo, A., et al., Thermodynamics, Structure, and Dynamics in Room Temperature lonic
Liquids: The Case of 1-Butyl-3-methyl Imidazolium Hexafluorophosphate ([bmim][PF6]).
The Journal of Physical Chemistry B, 2006. 110(42): p. 21357-21364.

Kabo, G.J., et al., Thermodynamic properties of 1-butyl-3-methylimidazolium
hexafluorophosphate in the condensed state. Journal of Chemical and Engineering Data, 2004.
49(3): p. 453-461.

Christopher, H. and et al., Liquid structure of 1, 3-dimethylimidazolium salts. Journal of
Physics: Condensed Matter, 2003. 15(1): p. S159.

Endo, T., et al., Phase Behaviors of Room Temperature lonic Liquid Linked with Cation
Conformational Changes: 1-Butyl-3-methylimidazolium Hexafluorophosphate. Journal of
Physical Chemistry B, 2010. 114(1): p. 407-411.

Mogensen, O.E., Positron Annihilation in Chemistry. Springer, Berlin, Heidelberg 1995.
Hayashi, S., R. Ozawa, and H.-0. Hamaguchi, Raman Spectra, Crystal Polymorphism, and
Structure of a Prototype lonic-liquid [bmim]Cl. Chemistry Letters, 2003. 32(6): p. 498-499.
Saha, S., et al., Crystal Structure of 1-Butyl-3-methylimidazolium Chloride. A Clue to the
Elucidation of the lonic Liquid Structure. Chemistry Letters, 2003. 32(8): p. 740-741.

-107 -



Chapter 7 Low molecular-weight organic materials: ionic liquids

26.

217.

28.

29.

30.

31.

32.

Ozawa, R., et al., Rotational Isomerism and Structure of the 1-Butyl-3-methylimidazolium
Cation in the lonic Liquid State. Chemistry Letters, 2003. 32(10): p. 948-949.

Holbrey, J.D., et al., Crystal polymorphism in 1-butyl-3-methylimidazolium halides:
supporting ionic liquid formation by inhibition of crystallization. Chemical Communications,
2003(14): p. 1636-1637.

Yamamuro, O., et al., Heat capacity and glass transition of an ionic liquid
1-butyl-3-methylimidazolium chloride. Chemical Physics Letters, 2006. 423(4-6): p. 371-375.
Nishikawa, K., et al., Melting and freezing behaviors of prototype ionic liquids,
1-butyl-3-methylimidazolium bromide and its chloride, studied by using a nano-watt
differential scanning calorimeter. Journal of Physical Chemistry B, 2007. 111(18): p.
4894-4900.

Preiss, U.P.R.M., J.M. Slattery, and I. Krossing, In Silico Prediction of Molecular Volumes,
Heat Capacities, and Temperature-Dependent Densities of lonic Liquids. Industrial &
Engineering Chemistry Research, 2009. 48(4): p. 2290-2296.

Jenkins, H.D.B., et al., Relationships among lonic Lattice Energies, Molecular (Formula Unit)
Volumes, and Thermochemical Radii. Inorganic Chemistry, 1999. 38(16): p. 3609-3620.
Furth, R., On the theory of the liquid state. Mathematical Proceedings of the Cambridge
Philosophical Society, 1941. 37(03): p. 252-275.

Klomfar, J., M. Souckova, and J. Patek, Surface tension measurements with validated
accuracy for four 1-alkyl-3-methylimidazolium based ionic liquids. The Journal of Chemical
Thermodynamics, 2010. 42(3): p. 323-329.

Ghatee, M.H. and A.R. Zolghadr, Surface tension measurements of imidazolium-based ionic
liquids at liquid-vapor equilibrium. Fluid Phase Equilibria, 2008. 263(2): p. 168-175.

-108 -



N s

Erklarung

Hiermit erkldre ich an Eides Statt, dass ich die vorliegende Arbeit selbstdndig und
ohne fremde Hilfe verfasst und nur die angegebenen Quellen und Hilfsmittel
verwendet habe. Ergebnisse anderer wissenschaftlicher Arbeiten wurden als solche
gekennzeichnet. Diese Arbeit wurde bisher weder im In- noch im Ausland in gleicher
oder &hnlicher Form in einem Prifungsverfahren vorgelegt. Ich erklare hiermit, dass
ich mich bis zu dem jetzigen Zeitpunkt noch nie um einen Doktorgrad beworben
habe.

Halle (Saale), July 2011 Yu, Yang

-109 -



Curriculum vitae

Family name:

Given name:

Date of birth:

Place of birth:

Marital status:

1989 — 1995:
1995 - 1998:
1998 - 2001:

2001 - 2005:

July 2005:

2005 - 2007:

2007 — 2009:

June 2009:

2009 - 2011:

Yu

Yang

13/07/1982

Changchun, China

Single

Primary school

Junior high school

High school

University of Science and Technology of China
Bachelor Major of Nuclear and Particle Physics
Modern Physics Department

Bachelor of Science in Physics

University of Science and Technology of China
Master Major of Nuclear and Particle Physics
Modern Physics Department

Positron Annihilation Laboratory

Scientific Department 11-Chemistry and Physics
Martin-Luther-University Halle-Wittenberg
Diplom Major of Physics

Diplom of Physics

Positron Annihilation Laboratory

Scientific Department 11-Chemistry and Physics

Martin-Luther-University Halle-Wittenberg
Doctor Major of Physics

-110 -



Acknowledgement

This work could not have been accomplished without the help of deceased
Professor Dr. Giinter Dlubek, who supervised my work, arranged the samples for my
thesis and gave me valuable instruction not only in the subject I'm working on, but also
in the scientific method, thinking, spirit and enthusiasm.

Very special thanks go to Professor Dr. Reinhard Krause-Rehberg, who offers me
the opportunity to work in the Positron Annihilation laboratory in Martin-Luther
University, Halle-Wittenberg, Department of Physics as well as helps in my work and
study in Germany.

I want to express my appreciation for the valuable help that I received during my
work: Arnold Krille, Marco Jungmann, Mohamed Elsayed, Maik Butterling and Jorg
Haeberle, who helped me to be familiar with the work environment soon after I got
here, and help me a lot whenever I met a problem.

Great gratitude goes to Prof. Dr. Dr. Chr. Friedrich and his group in the
Freiburger Materialforschungszentrum, who supplied the ionic liquid samples to my
work; Dr. Jiirgen Pionteck, who did the Pressure-Volume-Temperature experiment
that helps me to complement Positron Annihilation Lifetime Spectroscopy experiment
results as well as Dr. Pospiech who supplied side-chain semicrystalline polymers in this
work in the Leibniz-Institut fir Polymerforschung Dresden; and Prof. Dr. Jozef
Bartos from the Polymer Institute, Slovak Academy of Sciences, who supplied
amorphous polymer samples in the work.

Last but not least, I would thank Prof. Dr. Thomas Thurn-Albrecht, the mentor

of me in the International Max Planck Research School, who provided information to
my work as well as my study life in Halle.

-111-



Publication List:

1.

Yang Yu et al., Phase Transitions in Polymers Containing Long Self-Assembled
CH2 Sequences in the Side Chain: A Psitron Lifetime Study. Materials Science
Forum, 2010. 666: p. 71-74.

Dlubek, G., Yu, Yang et al., Free volume in imidazolium triflimide ([CsMIM][NTf,])
ionic liquid from positron lifetime: Amorphous, crystalline, and liquid states. The
Journal of Chemical Physics, 2010. 133(12): p. 124502-10.

Dlubek, G., Pionteck, J., Yu, Yang et al., The free volume and its recovery in
pressure-densified and CO2-swollen heterocyclic-ring-containing fluoropolymers.
Macromolecular Chemistry and Physics, 2008. 209(18): p. 1920-1930.



	00_Front cover
	01_1Contents
	01_Chapter1 Introduction
	02_DynamicsTransport
	03_EOS
	04_HoleSizeDis
	05_PALS
	06_Polymer
	07_IonicLiquid
	08_Erklaerung (2)
	09_CV
	10_Aknowledgement
	PublicationList



