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Abstract

As electron transfer reactions form the basis fanynchemical reactions, the knowledge of
the mechanism and the dependencies of these memaie of great interest. In this work
solvent mixtures are developed, which should altdavification of the influence of solvent
properties on electron transfer reactions. Thactieved by ternary mixtures that allow only
one solvent property to change, while keeping st constant. Three different mixtures were
sought after, named after the property which chendetemperature mixture, a viscosity
mixture and a dielectric constant mixture.

Different mathematical models are used for caloujathe mole fractions of the mixtures.
Differential Evolution is used for the fitting ohé equations. Only the Dielectric Constant
Mixture could be successfully determined. For thestrof the mixtures methods for
improvement are included. For every mixture appilicaideas are discussed. These mixtures
are the basis, which allow a systematic researeheatron transfer reactions.






Zusammenfassung

Elektrontransferreaktionen bilden die Basis flurrsable chemische Reaktionen. Deshalb ist
das Wissen Uber den Mechanismus und die Abhangggkeieser Reaktionen von hohem
Wert. In dieser Arbeit werden Ldsungsmittelgemisdiergestellt, um den Einfluss der
unterschiedlichen  Lésungsmitteleigenschaften  auf ektiEbnentransferreaktionen  zu
untersuchen. Das wird durch terndre Gemische étrereelche eine Eigenschaft variieren
lasst, wahrend der Rest konstant gehalten wird. \rschiedene Gemische wurden gesucht,
benannt nach der Eigenschaft welche sich &nderie €éfemperaturmischung, eine
Viskositatsmischung und eine Dielektrizitatskonsgamischung

Verschiedene mathematische Modelle werden angewardkdm Versuch, den Molenbruch
der Gemische zu bestimmen. Zum Fitten der DaterdianGleichung wird Differential
Evolution herangezogen. Nur die Dielektrizititskantenmischung konnte erfolgreich
gefunden werden. Fir die restlichen Mischungen wemrdFehler analysiert und
Verbesserungsvorschlage angegeben. Fir jedes derisébe sind Anwendungsideen
angefuhrt. Diese Gemische sind die Basis fur eigstematische Untersuchung von
Elektrontransferreaktionen.
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1 INTRODUCTION

1 Introduction

The motivation for this thesis is the discoverysolfvent mixtures, where, by varying the mole
fraction, it is possible to change one solvent propwhile keeping the others constant. The
properties in questions for this work are: the eligic constant, the dynamic viscosity, the
refractive index, and the temperature. In the @ofshis thesis three different mixtures were
sought after, named after the property which changdetemperature mixture, a viscosity
mixture, and a dielectric constant mixture. Alsdfedent application ideas for electron
transfer reactions using these mixtures will beegiv

This work is important because with these mixtwsgstematic analysis of electron transfer
reactions are possible. Different dependenciedeagliminated, which simplifies the analysis
of results.

A basis for this was already given from a persa@hmunication between Dr. Stephan
Landgraf and Sabine Richter, MSc. There have adem la few experiments, giving a general
idea of which solvent mixtures can be used.

The temperature mixture uses acetonitrile (AN)ytartitrile (BN), and propylene carbonate
(PC). The dielectric constant mixture uses propgtate (PA), butyronitrile (BN), and diethyl
phthalate (DEP). The viscosity mixture uses dimiesijfoxide (DMSQO) and glycerol.

In “2 Theory” the different solvent properties agéscussed and an explanation for the
theoretical calculation of these properties forrtigtures is given.

First during “3 Experiment and Apparatus” the usbeémicals are listed. Subsequently the
applied apparatus and the configuration of thesadascribed in detail. Sketches are included
to further understanding. Afterwards the measurésyenf the different mixtures are
described and lastly measurements are compare@®etéraz and Regensburg.

In “4 Results and Discussion” the values for thenid mixtures are listed and reasons for the
failure of finding the composition for the otherxtures are pointed out. And last but not least
application ideas and improvements for the mixtuaes discussed in detail during “5
Outlook”.
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2 THEORY - 2.1 MScosSITY

The mind is like a parachute.
2 Theory It works best when it's open.
FRANK ZAPPA

2.1 Viscosity

The viscosity describes the resistance of a flgairesst deformation and is the inverse of the
fluidity. A low viscosity means a low resistancedaan ease of flow. It can be distinguished
between the dynamicn) and the kinematicvj viscosity, which are connected by the

following formula:
Equation 1 Viscosity

V==
p

p = density

If the viscosity is mentioned in this thesis, #vals refers to the dynamic viscosity).(The
viscosity is highly temperature dependant, whickhewn in the following figure. The values

have been normalized.
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—— Butyronitrile
1.0 - —— Dimethyl Sulfoxide
—— Propylene Carbonate
—— Glycerol
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Temperature (K)

Figure 1 Temperature Dependence Viscosity
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The highest viscositywas taken agmax This was done independently for each solvent in
order to increase the readability of the plot. Asré was no value available for glycerol at
288,15K, this value has been extrapolated for trenalisation, but has not been depicted.
The figure shows that the viscosity can drop toeurfdd% of its starting value by increasing
the temperature by 35K in the most extreme TdSeen in the case of acetonitrile, which has
the lowestn drop, the viscosity drops to about 80%. A corfefatwith the temperature is
given by the Arrhenius-Andrad relation:

Equation 2 Arrhenius-Andrad Relation
Eq
n= r’OeRT

No = a material constant

Ea = activation energy for the transposition
R gas constant

T =temperature in Kelvin

This means that a plot, where the natural logaritffnthe viscosity is plotted against the
inverse of the temperature, results theoreticallg straight line:
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—— Butyronitrile

757 —— Dimethyl Sulfoxide
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657 —— Glycerol

6.0 Propyl Acetate
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0.5 ] ,// /’
0.0
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Figure 2 Arrhenius-Andrad Relation

lviscosity at lowest temperature
“glycerol
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Figure 3 Arrhenius-Andrad Relation Normalized

As expected “Figure 3 Arrhenius-Andrad Relation idalized” shows straight lines for every
solvent when plotting Im) vs. the inverse of the temperature.
The viscosity also has a direct relation to théudibn coefficient:

Equation 3 Diffusion Coefficient
kT
~ 6mR,

D =diffusion coefficient

kg = Boltzmann constant

T =temperature in Kelvin

n = dynamic viscosity

Ro = hydrodynamic radius of the diffusing particles.

The diffusion coefficient is of major importancegdause for most chemical reactions the
particles have to meet in order to react with eattler. The slower the diffusion of particles is
the lower the reaction rate

The temperature dependency of the viscosity makesnteasurement of low activation

energies difficult. These are calculated usingAthr@enius equation:

Equation 4 Arrhenius Equation

Ink =InA Eq
n = 1n RT

%assuming diffusion control




2 THEORY - 2.2 REFRACTIVE INDEX

k =rate constant

Ea = activation energy

A pre-exponential factor
R universal gas constant
T =temperature in Kelvin

In order to get the activation energy the rate tarisis measured at different temperatures
and the following plot is generated:

y-intercept=1In A

slope =-E /R

Ink

1/Temperature

Figure 4 Arrhenius Plot

From the slope of the line the activation energy tteen be calculated by multiplying with —R.
The pre-exponential factor is an empirical factdichk includes how often particles collide in
the correct orientation for a reaction to occur.cofirse the rate of collision between particles
is dependent on the diffusion and consequently afsthe viscosity, which in turn is highly
temperature dependent. That means that A also teaserature dependency. By plotting in
the above mentioned way a temperature independdgrnés assumed, which is not the case.
Consequently the influence of the temperature ors Aompletely ignored. The lower the
value for the activation energy becomes, the grehate influence of the error produced by
this. The measurement can only be correctly donenwdach measuring point at different
temperatures has the same reaction conditions.céhie achieved by a constant viscosity.

2.2 Refractive Index

The refractive index () describes the change of direction of the propagadf light, when it
moves from one medium to another one. It also stémidthe ratio of the speed of light in the
medium compared to vacuum.

It can be defined by the following formula:
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Equation 5 Refractive Index

sin 6,

np = —
sin 6,

n, index
v, velocity

normal

Figure 5 Refractive Index Definition

The refractive index plays an important role in Marcus Theory, as it has an influence on
the outer reorganisation energy via the Pekar facto

Equation 6 Marcus Activation Energy

Equation 7 Reorganization Energy

A=A+,

Equation 8 Outer Reorganization Energy

z%elN, /1 1 1
= e | )y

07 Tdmey \2r, 2y dyp
Equation 9 Pekar Factor
(1 1
r= ny &
z = number of charges
e = elementary charge
Na = Avogadro constant
g9 = static dielectric constant of vacuum
& = dielectric constant of solvent
ra = radius of the electron acceptor
ro = radius of the electron donor

dAD* = reaction distance between the electron accepididonor
AG = activation energy
-AGp = driving force

* http://en.wikipedia.org/wiki/Refractive_index




2 THEORY - 2.2 REFRACTIVE INDEX

In “Equation 9 Pekar Factor” it is assumed thgt measured at infinite high frequency, is
about the same as the square of the refractivec<indee original definition includes,, but
np? is the more commonly used form. This means thagtve index has an impact on the
reaction rate, because the latter is dependerti@adtivation energywhich in turn depends
on the outer reorganisation energy according tochfar

The refractive index is mostly dependent on the mmsition of the mixture, while the
temperature has almost no influence on it. Theovdhg plot shows the temperature
dependence of the refractive index of the pureesdb: The values have been normalized.

—— Acetonitrile
1.000 —— Butyronitrile
| : —— Dimethyl Sulfoxide
0.998 - Propylene Carbonate
| : —— Glycerol
0.996 Propyl Acetate
| Diethyl Phthalate
0.994
< |
@
£ 09924
a) |
c
~  0.990
)
= |
0.988
0.986
0.984
T T T T T T T T
288 298 308 318 328

Temperature (K)

Figure 6 Temperature Dependence Refractive Index

As can be seen in the plot the refractive indey dnbps about 1.5% when the temperature is
increased by 40K. This is due to the change initderused by volume expansion at higher
temperatures. The variations from the lines inglo¢ are experimental reading errors.
Although this temperature independency seems fabbeiat first, it complicates things when
taking the other solvent properties into accoumbrider to counter a high change of the other
properties, caused by the temperature, the matéidres are adjusted. As the refractive index
scales almost linearly with the composition withaignificant temperature influence, the
changes in the mole fraction for adjustment cabseréfractive index to deviate. As this is
counterproductive only the dielectric constant #reldynamic viscosity were included in the
calculations. The refractive index is not ignoredcause the pure solvents chosen for the
mixtures have similar refractive indices, it can kept in a reasonable range without great
effort.

® see Equation 4 Arrhenius Equation




2 THEORY - 2.3 DELECTRIC CONSTANT

2.3 Dielectric Constant

The dielectric constant (or &) describes the permeability of a material to eteoagnetic
fields in relation to the permeability of vacuumeilectromagnetic fields. That means, when
the medium is exposed to an electric field, it atjutself according to the electric field vector.
This polarisation can have different reasons. kangle the whole molecule is a dipole and
turns to adjust to the field vector. Or a dipoléniduced in the molecule according to the field
vector. Of course the first needs more time to kapas a rotation of the molecule must occur,
while for the latter only the charge distributionthe molecule has to adjust.

If the medium is now exposed to an alternatingdfiglstead of an unidirectional field, the
medium adjusts itself anew for every alternatidrihé alternation is too fast for the rotation
to happefithis part of the dielectric constant contributisndamped and finally vanishes.
This of course means that the dielectric constafrequency dependent.

In order to describe thisis seen as complex-valued:

Equation 10 Complex Dielectric Constant

e=¢"+ig"
¢ = dielectric constant
¢’ =real part of dielectric constant
¢’ =imaginary part of dielectric constant

The imaginary part describes the omitted parthefdielectric constant, while the real part is
the still observable part at the used frequency.

As there can be many understanding with differeations for the dielectric constant, the
notations used in this thesis will be explainedetail.

Dielectric constant is the old, but still commoniged terminus. The official term would be
permittivity. This has been changed, becauseno constant. As most people still refer to the
dielectric constant, this expression is also usetthis thesise or ¢, in this thesis always refer
to the relative dielectric constant of the solvergasured at infinite low frequenéy, refers

to the dielectric constant of vacuum also measatedfinite low frequency, always refered to
as static dielectric constant in this thesis.refers to the dielectric constant of the solvent
measured at infinite high frequency.

The dielectric constant is also included in thedPd&ctor like the refractive index, and plays
the same role in that context.

Additionally the dielectric constant is included the Coulombic work term, which is
included in the equation for the free energy ofdlextron transfer.

Equation 11 Coulombic Work Term

2
_ (Zp+2z4- — Zpz,) €}
4rtege, dpa

Equation 12 Weller Equation
AGgr = nF(Eox(D* /D) = Ereqa(A/A7)) — @ — E(S = Sp)

® Meaning while the molecule is turning the elecfiétd already changes again before the molecuseakfusted
itself to the old field vector.
" This means without dielectric loss




2 THEORY - 2.3 DELECTRIC CONSTANT

® = Coulombic work term

Zi = number of charges of i

€ = elementary charge

dba = distance between the electron acceptor and donor

€0 = static dielectric constant

AGgr = free energy of the electron transfer

n = number of electrons transferred

F = Faraday constant

Eoxired = potential of the oxidation/reduction of the spedn brackets

E(S2> &) = energy needed for the excitation

Coulomb terms always describe a force, or effetthis force, caused by charges. In this
case the Coulomb work term describes the energydbalts from this force. It is included in
the Weller equation, because after the electramstea, two differently charged species are
created, which are then attracted to each otheresudt in a release of energy. Of course the
contrary can also happen. In either case the fieggg is influenced by it and the term has to
be included. The only exception would be a selfhexge reaction, where the charge of the
particles is the same before and after the elet¢temsfer. For example:

FE™ + Fe' > Fet + Fe?'

In this casez+z4- — zpz, would amount to zero.

Of course the redox potentials of the species laeedependent on the dielectric constant. As
a consequence the dielectric constant has thregspoi influence on the reaction rate. The
outer reorganisation energy, the redox potentiadstae driving forcé

The capacity of a capacitor is dependent on thieaiéc constant. The simplest form of a

capacitor are two parallel plates in a defined atise to each other. Depending on the
dielectric constant of the medium filling the spdoetween the two plates the capacity
changes according to the following formula:

Equation 13 Capacity

c A
— ) —
Eoér D

C = capacity

g0 = Static dielectric constant

g = relative dielectric constant
A = area of the plate

D = distance between the plates

Depending on the shape of the capacitor the A/Bx idranges. This correlation was used for
the dielectric constant measurements describeddate

For binary mixtures the behaviour of the dielectomstant at constant temperature is roughly
the same. The two points which stand for the poieests are connected by a curve. The
strength and direction of the curvature can vapedeing on the solveritdt can also happen
that the bulge is not in the middle but shiftedtia direction of one of the pure solvefitdf

8 free energy of the electron transfer
° Figure 7 DMSO-Propanol and Figure 8 Acetonitrifeanol
1% Figure 9 Acetonitrile-Methanol

10
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that is the case it can happen that the dielectmstant of the mixture exceeds the dielectric
constant of the pure solvents. If the temperatarehanged the curve is translated up- or
downwards

50 4 - 50

30+

25+

Epsilon
w I IS
(6)] o [$)]
\\
e B
N N w w N N
o (6] o ol o ol

20+

T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

x(DMSO)

Figure 7 DMSO-Propanol

— T=288.15
: —— T=298.15 r
38 ——— T=308.15 38
36 - L 36
34 - 34
32 - 32
304 L 30
- ] I
S 284 L 28
[70) 4 L
O 264 L 26
24 4 L 24
22 L 22
204 L 20
18 - 18
16 T T T T T T T T T 16
0.0 0.2 0.4 0.6 0.8 1.0
X(AN)

Figure 8 Acetonitrile-Propanol

* As shown in Figure 8 Acetonitrile-Propanol
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— T=298.15

37 - -37
36 - 36
35 4 - 35

oy

o

D

i}
34 4 34
334 - 33
32 . , . , . , . , . 32

0.0 0.2 0.4 0.6 0.8 1.0

X(AN)
Figure 9 Acetonitrile-Methanol

The values of these plots have been taken from (1).

For ternary mixtures it was not possible to asoertiais kind of rule. It seems that if the
dielectric constant is plotted against two moletitns at constant temperature, the resulting
graph is somewhat like an undulating surface. Thnly a rough guess, because more data
points are necessary for a more accurate deseriptio

Also the dielectric constant is a function of temgpere. The following figure shows this. The
values have been normalized.

—— Acetonitrile
— Butyronitrile
1007 — Dimethyl Sulfoxide
0.98 Propylene Carbonate
| —— Glycerol

0.96 Propyl Acetate
< 0944 Diethyl Phthalate
g )
= 0924
2 <
‘D 0.90
Q.
o |
— 0.88
C -
i)
% 0.86
Iﬁ. J

0.84

0.82

0.80

T T T T v T T T T
288 298 308 318 328

Temperature (K)

Figure 10 Temperature Dependence Dielectric Constant
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Compared to the viscosity, the influence of thegerature on the dielectric constant is much
lower. Where at “Figure 1 Temperature Dependensedsity” acetonitrile had the smallest

drop to ~80%, here the biggest drop is to about &%utyronitrile.

The temperature dependence of the dielectric congi@es with 1/T. This can be deduced
from the Clausius-Mossotti relation:

Equation 14 Clausius-Mossotti Relation
e—1 Nypa
e+2 3Mg

With a as:

Equation 15 Molecular Polarizability

12

T

Na = Avogadro constant
p =density

a = molecular polarizability

M = molar mass of the substance
g9 = static dielectric constant

i =dipole moment

k = Boltzmann constant

T =temperature in Kelvin

The following figure shows the plotting of the dietric constant against 1/T:
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Figure 11 Simplified Clausius-Mossotti Relation
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2 THEORY - 2.4 CALCULATION

—— Acetonitrile
—— Butyronitrile
—— Dimethyl Sulfoxide
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— Propyl Acetate
Diethyl Phthalate

Propylene Carbonate

0.0030

T
0.0031

T
0.0032

T T T T T
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v

Figure 12 Simplified Clausius-Mossotti Relation nomalized

The plot generates nearly straight lines.

2.4 Calculation

Different models were used to calculate the soly@operties based on data of the pure
solvents and on data of the ternary mixture. Mostl@s need the value of the pure solvent as
a basis for calculation. If they were available #adues were taken from (1). Values in the

temperature range of 15°C to 55°C which were nes@mt were measured.
The following table shows the values for each s the corresponding temperature:

288.15
293.15
298.15
303.15
308.15
313.15
318.15
323.15
328.15

AN
37.58
36.76
35.94
35.12
34.30
33.49
32.67
31.86
31.04

€
BN
27.01
26.30
25.61
24.94
24.28
23.65
23.03
22.43
21.85

Table 1 Base Values Pure Solvents

PC
67.34
66.14
64.95
63.77
62.60
61.45
60.30
59.17
58.05

AN
0.3751
0.3565
0.3404
0.3264
0.3143
0.3040
0.2953
0.2879
0.2816

[cP]

BN PC AN
0.6278 3.0011| 1.3475 1.3878
0.5915 2.6834| 1.3450 1.3850
0.5569 2.4108| 1.3425 1.3824
0.5247 2.1775| 1.3401 1.3798
0.4953 1.9774| 1.3377 1.3774
0.4693 1.8046| 1.3354 1.3751
0.4473 1.6532| 1.3332 1.3730
0.4299 1.5172| 1.3310 1.3710
0.4176 1.3908| 1.3289 1.3691

Np
BN

PC
1.4231
1.4207
1.4188
1.4172
1.4157
1.4143
1.4128
1.4112
1.4093

The model with the best results was taken fromTBjs model used the following formulas:
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Equation 16 Calculation Dielectric Constant

- Aj(x1—x2)j
Ingpr=x1Ine;r+x,Ine7r +x3 lnsg‘T+x1xzz T +
j=0
o [B; 0 — x3)’ o6, = x3)) Dy ( )
(g —x (X —x (X1 —xy —x
+x1x32l—] 1T > l+x2x32l—] ZT > l+x1x2x3 l] : TZ > l
j=0 j=0 j:O

Equation 17 Calculation Viscosity

- Aj(x1 - xz)j
Inn,r=x;Innr+x,Inn,r +x3Innsr + x1%; Z —_— |+
j=0

T
= [B;( ) = [6i( ) D;( )i
i\X1 — X i\Xyo — X X1 — X — X
+x1x3 Z l%l + xe3 Z l%l + x1x2x3 Z l ] ! Tz 3 l
j=0 j=0 j=0
Xi = mole fraction of species i

Aj/B;/C;/D; = empirical parameters
= temperature in Kelvin

Em,T = dielectric constant of the mixture at tempemflr
&iT = dielectric constant of species i at temperaiure
MmT = viscosity of the mixture at temperature T

niT = viscosity of the species i at temperature T

The formulas “Equation 16 Calculation DielectricrGtant” and “Equation 17 Calculation
Viscosity” have 12 and 15 different empirical paeders, respectively. The first optimisation
with these formulas used 20 data points for cdiitana Calibration means that the values of
the parameters are chosen in a way that, the esdcuValues match the measured values used
for calibration. Afterwards these parameter valaes used to calculate the values of still
unknown mixtures. If the measured values of thetuné identified by calculation, differed
too much from the predicted value, the calibratioocess was repeated, with the new value
included.

The following table shows the results of the latedtulation in contrast to the measurements
of the mixtures:
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2 THEORY - 2.4 CALCULATION

Table 2 Calculation Results

TIK] xAN xBN xPC gmeas. gcalc. As meas. calc. A

288.15 047 053 0.00 3042 3042 0.00 0.5022 0.5062 0.0040
288.15 0.69 0.26 0.05 38.84 38.21 0.63 0.4998 0.5026 0.0028
288.15 0.83 0.14 0.03 41.71 41.71 0.00 0.4482 0.4512 0.0030
293.15 0.33 060 0.07 3559 3559 0.00 0.5789 0.5828 0.0039
293.15 0.33 0.66 0.01 41.08 41.08 0.00 0.4696 0.4729 0.0033
293.15 0.45 0.53 0.02 31.72 32.17 045 0.5015 0.4911 0.0104
293.15 0.78 0.18 0.04 39.39 3990 0.51 0.4489 0.4492 0.0003
298.15 0.38 057 0.05 33.18 3438 1.20 0.5267 0.5048 0.0219
298.15 045 051 0.04 3345 33.02 043 0.4851 0.4884 0.0033
298.15 059 031 0.10 4224 4483 259 0.5123 0.5126 0.0003
298.15 0.68 0.26 0.06 38.84 38.84 0.00 0.4561 0.4591 0.0030
303.15 0.37 053 0.10 37.70 3740 0.30 0.5645 0.5323 0.0322
303.15 0.45 0.48 0.07 35.8 35.75 0.05 0.4806 0.4892 0.0086
303.15 0.64 0.29 0.07 37.62 3893 1.31 0.4517 0.4497 0.0020
303.15 0.64 031 0.05 36.47 33.98 249 0.4597 0.4444 0.0153
303.15 0.72 0.21 0.07 4286 42.86 0.00 0.4679 0.4642 0.0037
308.15 0.32 0.55 0.13 3791 39.25 1.34 0.5489 0.5348 0.0141
308.15 0.44 047 0.09 36.7 37.33 0.63 0.4795 0.4796 0.0001
308.15 052 034 0.14 4332 46.18 2.86 0.5023 0.5062 0.0039
308.15 0.57 034 0.09 3816 40.33 2.17 0.4568 0.4534 0.0034
313.15 0.32 0.55 0.13 37.75 38.14 0.39 0.5042 0.5072 0.0030
313.15 043 047 010 37.39 37.39 0.00 0.4629 0.4645 0.0016
313.15 051 0.38 0.11 4048 41.14 0.66 0.4719 0.4558 0.0161
313.15 055 0.34 0.11 4570 4192 3.78 0.4610 0.4517 0.0093
318.15 0.42 0.46 0.12 38.77 38.76 0.01 0.4520 0.4560 0.0040
318.15 0.47 040 0.13 40.16 4166 150 0.4786 0.4545 0.0241
318.15 050 0.38 0.12 4431 41.08 3.23 0.4721 0.4446 0.0275
318.15 0.57 0.30 0.13 43.08 43.08 0.00 0.4459 0.4161 0.0298
323.15 0.19 0.71 0.10 33.20 33.20 0.00 0.4705 0.4736 0.0031
323.15 0.28 058 0.14 3759 37.59 0.00 0.4766 0.4803 0.0037
323.15 0.39 0.39 0.22 49.18 49.18 0.00 0.5241 0.5245 0.0004
323.15 0.42 0.43 0.15 4181 4164 0.17 0.4563 0.4527 0.0036
323.15 044 042 0.14 4132 4090 0.42 0.4451 0.4453 0.0003
323.15 0.64 0.29 0.07 37.03 3493 210 0.3768 0.3807 0.0039
328.15 0.32 0.58 0.10 34.67 31.24 3.43 0.4364 0.4377 0.0013
328.15 0.38 0.42 0.20 46.23 46.23 0.00 0.4813 0.4797 0.0016
328.15 0.41 0.53 0.06 3331 29.82 349 0.3861 0.3935 0.0074
328.15 0.43 0.42 0.15 40.52 4064 0.12 0.4312 0.4363 0.0051
328.15 0.57 0.31 0.12 4310 39.79 3.31 0.4094 0.4133 0.0039

The first problem with this model is that not aleasured data points could be fitted well
enough to the formula. A data point has been aedeps a good fit when the difference
between the calculated and the measured valueomas than 0.4 for the dielectric constant
and 0.004cP for the viscosity. These values haea bhosen as an acceptable deviation.
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2 THEORY - 2.4 CALCULATION

The next problem is that the difference betweenctiieulated and the measured value, for a
new sample, although in the range of single peagst, was still too big because it
alternated between too high and too low. This mehat when after the calibration of the
formula the calculated value for a new mixtureiigeg ate;=39.9 and for another mixture at
&2 = 40.3 the measured results will be either1.03 = 41.1 and,* 0.97 = 39.1 ok;* 0.97 =
38.7 ands; * 1.03 = 41.5, which equates to a span of 2 andr@spectively. The aspired
measured value is in the range of £1.25% of theutatied value. At a dielectric constant of
about 40 this equates to a measured value betv@BraBd 40.5, ergo a span of 1.

Many, but not all, of the values used for calilmatiachieve this, but almost every new
mixture calculated with the formula, when compatedthe measurement results, deviate
further than the desired range. So the fine tunvag done manually as described later on.
Thus the model was not able to predict the valdidlseomixtures to a satisfactory degree.

The mathematical model used for the fit is Diffar@nEvolution (3). In this model a number
of vectors called agents, are generated. The nusitmerd be about 10 times the number of
parameters used. This is the first generation ehtsy Now in each optimization process step
a new generation of agents is created until thp stiterion is fulfilled. The parameters for
each vector are generated at random in the parasmee. If the solution can be narrowed
down in any way, this can be used in this genanatiy setting the constraints of the random
number generator. This first step is called ing&ion. The next step is mutation. Here for
each target vector a mutant vector is generateel.nfiltant vector is generated by choosing 3
agents at random that are different from the targetor. These 3 agents are then subjected to
the following formula:

Equation 18 Mutation
MGy = Ap1g +F * (ArZ,G — Ar3,G)

M = generated mutant vector.

A = agent

r, rz. r3 =random indices that must be different from i.
G = the current generation;

G+1 = the next generation.

F = constant factor between 0 and 2

F controls the amplification of difference betweao agents.

The next step is called crossover, where a trieloras generated from the mutation vector.
The trial vector is formed by taking parametersiaitfrom the target or from the mutation
vector. At first a random index is determined. Tgaameter with this index will then be
taken from the mutation vector, to make sure thatwhole vector cannot stay the same. For
the rest of the parameters a random number bet@esrd 1 is generated. If the number is
smaller or identical to parameter CR, then the evdiom the mutation vector is taken.
Otherwise the value from the target vector is tak&R is a value between 0 and 1. The higher
CR is chosen the higher is the chance that vahoes the mutation vector will be taken.

After generating the trial vector the last stepéection. The function value of the newly
generated trial vector is compared with the funch@lue of the target vector. If the trial
vector is an improvement, then he replaces theetargctor in the new generation. Otherwise
the old target vector is taken over to the new geren.

This whole process is done for each agent and tm@leacycle is repeated until the stop
criterion is fulfilled. In this case the abort emnion was chosen to be the function value of the

12 _39%% most of the time
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2 THEORY - 2.4 CALCULATION

best agent to be under a certain value. The besit &ythe one with the lowest function value
(=error). From this agent the parameters were téethe calculation of the composition of
new mixtures. 140 agents were used. F was se8an@l CR at 0.9. The VBA Code that was
used for the calculation of the dielectric constanExcel 2003 can be found in “6.1 VBA
Code”. The code for the viscosity is in general faene with an adjusted function value

formula.

18



3 EXPERIMENT AND APPARATUS- 3.1 (HEMICALS

People who say it cannot be done

. should not interrupt those who
3 Experiment and Apparatus

are doing it.
CHINESEPROVERB

3.1 Chemicals
The following chemicals were used in this work:

% Acetonitrile Rotisolv HPLC 99.9% CAS: 75-05-8

< Butyronitrile MERCK CAS: 109-74-0

% Dimethyl Sulfoxide ROTIDRY 99.5% CAS: 67-68-5

% Propylene Carbonate Sigma-Aldrich 99% CAS: 108732-

% Glycerol Roth 99.5% p.a. CAS: 56-81-5

s Propyl Acetate Sigma-Aldrich 99% CAS:109-60-4

+ Diethyl Phthalate MERCK-Schuchardt > 99% CAS: 84266

Dimethyl sulfoxide was recrystallized. Acetonitrilbutyronitrile, and propyl acetate were

dried and distilled. Glycerol, diethyl phthalatedapropylene carbonate were used without
further purification steps.
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3 BEXPERIMENT AND APPARATUS- 3.2 TEMPERATURECONTROL

3.2 Temperature Control

A circuit connected to a water bath from Haake t§p&nd each apparatus was established for
temperature control. The prism of the refractometéanlaid in a metal block which can be
temperature controlled. The measuring cell fordleectric constant measurement can also
be temperature controlled. The viscosimeter wasrpatglass container, which has a double
wall to allow temperature control. To control tleenperature of the pycnometer a clamp has
been built to allow the pycnometer to be insertedatly into the water bath. An extra circuit
connected to another water bath, from Werk Laudadgerate the Ultra-Thermostat type NB,
was established to keep the temperature of thdérehécs in the frequency counter for the
dielectric measurement constant at 25°C. Each isibgquipped with a latch at the end. Each
connection between the apparatuses is made byiptuggo latches together. Water flow is
only enabled, if two latches are connected. THmsaa changing the water connection setup
during the experiment if needed.

The following graphic shows a sketch of the whalafguration:

i PC
Controller Water Bath
Counter
Stop Watch
Thermometer Pycnometer |
DC Measuring
Refractometer Unit . :
Viscosimeter
LED » —
Water Bath
Measuring Cell
Figure 13 Configuration
3.3 Density

For the density measurements a pycnometer withlMdlmme was used. It is installed with a

thermometer that can measure up to 34°C. Measutemdrich required a temperature of

35°C or higher were done by substituting the theneier with a self-made plug. The volume

of the pycnometer with the plug was determined l®asaring the density of a solvent with

the thermometer equipped and afterwards measursmgame solvent with the plug instead.
From the known density and the measured mass tlieneocould be calculated, which has

then be used for the measurements at 35°C and above

Normally the process was: filling the pycnometarsearting the plug/thermometer and

expelling fluid with that, so that the pycnometeasafilled completely without any bubbles.

Then it was put into the water bath to get the rddstemperature. During this process
additional fluid was expelled through the capillégythe expansion of the mixture because of
the heating. Afterwards the capillary was cappled,ycnometer cleaned and weighed.
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3 EXPERIMENT AND APPARATUS- 3.3 DENSITY

At measurements below room temperature this wagpossible, because the filling process
was done at room temperature. This means that, tieeftuid is cooled in the water bath, the

volume decreases. So it is impossible to get adfipycnometer this way. In order to

circumvent this, the pycnometer was filled withgerting the thermometer and put into the
water bath. During the cooling process inert gas wl@ected at the inlet to impede

condensation of water. After an appropriate timéem it was assumed that the desired
temperature has already been reached, the thermomas inserted while the pycnometer
was still in the water bath and temperature coladolthus expelling spare fluid and assuring
a completely filled pycnometer. If correct, the ilapy was capped and the pycnometer
weighed after cleaning, otherwise the process biée trepeated.

The following sketch shows the apparatus:

=

Figure 14 Pycnometer

The upper block could be placed atop the water iastiead of the normal cover to allow the
pycnometer to be submerged in the water. The amoveates the water level of the water
bath, which had to be completely filled. The blatkhe lower right was used as a mount to
place the clamp so that during fastening the s¢henclamp and the pycnometer must not be
held in the hand. With this setup everything camplaeed on the table and the screw fastened
without the danger of something tilting. To prevshpping, fabric films were added at the
top of the block and the bottom of the cldthp

13 shifted 90° to each other
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3 BEXPERIMENT AND APPARATUS- 3.4 MiSCOSITY

3.4 Viscosity

For the viscosity measurements an Ubbelohde Viswsr was used.

start-time level =~

()

stop-time level —>

Water Out ==

—u
N N
S

<= Water In

Figure 15 Ubbelohde Viscosimeter

The lower glass block with the Water In and Watet @arks is the connection to the water
bath and is not connected to the interior, whicls aiso filled with water and stirred, so that
the upper parts are also tempered. The grey linéseatop of the leftmost column are the
marks for stopping the time.

The viscosimeter was filled with ~20ml of the misguThe minimum volume needed for the
measurement is 15ml. After waiting for about 20 més* the measurements were started, by
measuring the time the fluid needs to fall from tnpgper marker to the lower one. The
resulting time was multiplied by an instrument dan$”to get the kinematic viscosity;
multiplying the latter one with the measured densésults in the dynamic viscosity. The
instrument constant was taken from (4) and chedikgdneasuring solvents with known
viscosity at different temperatures. Higher tempees can still use the same constant,
because the difference from the expanding of tipdlasy at higher temperatures influences
the resulting viscosity only on a small scale thattill within the measurement error.

% For the temperature to adjust itself
®K = 0.003164mm2/s?
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3 EXPERIMENT AND APPARATUS- 3.5 REFRACTIVE INDEX

3.5 Refractive Index

For the refractive index measurements an Abbe Blefmaeter was used. A yellow LED with

a wavelength of 585nm has been installed at tle#"frib guarantee that the measurements are
done at the same wavelengftiThe original apparatus measured with ambient lighich is
never constant and as such the results were rsttvocthy. 585nm was chosen, because this
is closest the most common wavelerd@for refractive index measurements of solvents hwit
our design it is possible to exchange the LED, éasurements at different wavelengths are
desired.

LED 589nm

Water Connection
Contrast

Control

Figure 16 Refractometer

The in- and outlet for the water tubes are locatethe other side of the apparatus and cannot
be seen in this perspective. The water connecsitimere to connect the water supply from the
lower part of the metal block, where the inletasdted, to the upper one, where the outlet is
located. A drop of the mixture was put onto thesipri After waiting for about 1 minute, for
the temperature to adjust itself, the measuremasttaken.

3.6 Dielectric Constant
For the dielectric constant measurements a selentalice was used. It consists of a

frequency counter with an electronic oscillatorcait. The actual frequency is influenced by
both the capacitance of the device itself and #pacitance of the sample cell, which in turn

'® hidden behind the Water Connection tube in thécbke
7 Because the refractive index is a function ofwlaselength
¥ 589nm
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3 BEXPERIMENT AND APPARATUS- 3.6 DELECTRIC CONSTANT

is dependent on the dielectric constant of the omadilling it. The capacitance of the empty
cell is about 6pF, while, with a solvent, the cafzance increases to over 100pF.

Different problems occurred with this apparatus.e Tfirst was noticed, because the
measurement results varied. This can be seen guf&il8 Acetone - High Noise / Unstable
Measurements” below. For a stable measurementréggigncy drops shown should be the
same instead of increasing. To have a better utaheling of what happens during
measurements the apparatus was modified to alloardang of the frequency values in an
ASCII list on a computer. This was achieved by @mtimg the apparatus to a counter, namely
the universal counter 5316A from HP, per BNC calileis counter is then connected to a
computer via a GPIB cable.

As a result a time vs. frequency plot could be gated.

It was discerned that the apparatus needs a wartinrepof about 2 hours to reduce the drift
as can be seen in the following diagram:

338500
338000 —-
337500 —-
337000 —-

336500

Frequency (Hz)

336000
335500

335000

334500 . ; . ; . ; . ; . ,
0 5000 10000 15000 20000 25000

Time (s)

Figure 17 Idle Running

Also the measurements were not stable and hadlbagihigh noise.

335000
330000

325000

Frequency (Hz)

320000

315000 \W“N

310000

T T T T T T T T T T T T T T !
0 1000 2000 3000 4000 5000 6000 7000
Time(s)

Figure 18 Acetone - High Noise / Unstable Measuremts
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3 BEXPERIMENT AND APPARATUS- 3.6 DELECTRIC CONSTANT

The next modification was to replace the power supphe idea came up after comparing
measurements with the normal power supply with nregsents with an accumulator.

337000

T=25C |[—— Cyclohexane

336500
336000 —-
335500 —-
335000 —-

334500

Frequency (Hz)

334000 +
333500 -
333000 +

332500

T T T T T T T T T T
0 500 1000 1500 2000 2500
Time (s)

Figure 19 Old Power Supply Measurement

3275001 T =25T [—— Cyclohexane]

327000 —-
326500 —-
326000 —-
325500 —-

325000

Frequency (Hz)

324500
324000

323500

323000 ——
0 500 1000 1500 2000 2500 3000

Time (s)
Figure 20 Accumulator Measurement

The voltage for the display (+5V) and for the dstdr (-32V) now come from a single
transformer coil to avoid interference betweentthe. The oscillator oscillates according to
the overall capacity as shown in “Figure 41 Cirddidigram”. Also an output amplifier and a
voltage stabilizer were included in the design. Bfectronic of the apparatus is tempered
separately at 25°C so that influences occurring tdueemperature changes are eliminated.
Circuit diagrams for this apparatus can be fouri®.& Circuit Diagrams”.
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3 BEXPERIMENT AND APPARATUS- 3.6 DELECTRIC CONSTANT

Display

Switch

Figure 21 Dielectric Constant Measuring Unit Front

O O

Water Water

Out In

Power
Earth BNC
] OO

Figure 22 Dielectric Constant Measuring Unit Back

UNF 1/4” 28G

M 12x1 Q Water In

Water Out ;

UNF 1/4” 28G

Figure 23 Dielectric Constant Measuring Sample Cell
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3 BEXPERIMENT AND APPARATUS- 3.6 DELECTRIC CONSTANT

The calibration of this apparatus was done by meagwsolvents with known dielectric

constant to establish a relation between the freqyugag® and the dielectric constant. A
frequency gap was used to better counteract dwhigch were occurring in varying strengths
during the measurements. For calibration pure stdvevith known dielectric constant (5)
were measured at 25°C. At least 3 jumps were medsor each solvefft The measured

frequency gaps were plotted against the dielectitstant resulting in the following graph:

Model Poly4 —m—Epsilon
y = A0 + AL*X + A2*x"2 + A3*X . .
50 o |Eauaion  "3+A®X4 — Poly4Fit of Epsilon
Reduced 0,1044
< | Chi-Sqgr
Adj. R-Square 0,99962
40 Value Standard Error

A0 1,17242 0,45338
Al 0,00103 1,74602E-4
DK A2 2,26954E-9 1,79217E-8
A3 -2,66596E-13  6,63219E-13

30
A4 6,70333E-18  7,99023E-18
c
o
B 20+
i
10
04
I T I T I T I T I
0 10000 20000 30000 40000
Frequency (Hz)

Figure 24 Dielectric Constant Calibration

The used fit is an empirical one and the formulgicted in the top left box of the figure is the
one used for calculations. A polynomial of tHe degree was chosen for the fit, because it
was the simplest fit that describes the measuredecto a satisfactory degree. DMF was
measured at 15°C, 25°C, 35°C, 45°C, 55°C and tlwevikrnvalues of the dielectric constant
compared to the ones measured by using the cabibrdbrmula above to control the
calibration. The following table shows the measuxedues with the above mentioned
calibration in contrast to the literature valuep (6

Table 3 Dielectric Constant Calibration Control

T[°C] e&meas. elit.

15 39.7 39.29
25 38.0 S5
35 35.6 35.78
45 34.1 34.16
55 32.3 32.64

1% frequency with air — frequency with solvent
“ resulting in 6 data points
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3 BEXPERIMENT AND APPARATUS- 3.7 TEMPERATUREMIXTURE

The difference is still acceptable and the calibratseems correct over the desired
temperature region.

3.7 Temperature Mixture

For starters the mole fraction of the sample farg\b°C in the range of 15°C to 55°C were
calculated by using the following formulas:

Equation 19 Dielectric Constant Mixture
Emr = E1,7X1,T T E27X2r T E37X3 T
Equation 20 Viscosity Mixture

Innpmr =xirInnyr+x,rInnyr + x37Inns ¢

Equation 21 Refractive Index Mixture

Npmr = Np1,rX1,r T Np2, X2 + Np37X3 T

Xit = mole fraction of species i at temperature T

&iT = dielectric constant of species i at temperaiure
nit = dynamic viscosity of species i at temperature T
npit = refractive index of species i at temperature T
em7 = dielectric constant of the mixture at tempeamfl

nmt = dynamic viscosity of the mixture at temperatfiire
Nomt = refractive index of the mixture at temperatiire

After observing that these formulas were not cdlyeeflecting the behaviour of the solvent
properties, with exception of the refractive inddiferent solutions to correctly calculate the
values were sought after, until arriving at thenfata mentioned at 2.4 Calculation. After
each measurement the new measured values wereeadcia the calibration of the formula.
The resulting parameters where then used to séar¢he desired mole fraction by setting a
range of reference values of the dielectric constani the dynamic viscosftyand then
calculating the values for all combinations of #h@sproperties for every mole fraction. The
output was the mole fraction with the lowest ermwhich was calculated by the following
formula:

Equation 22 Error Criteria

error = wy (1 = rer)” + W3 (15 = g’ + w5 (¢ = o)’

Wi = weighting parameters

€ = calculated dielectric constant
n = calculated dynamic viscosity
Np = calculated refractive index
gt = reference dielectric constant
Nret = reference dynamic viscosity

Npret = reference refractive index

L the refractive index was excluded as explaingiaRefractive Index
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3 BEXPERIMENT AND APPARATUS- 3.7 TEMPERATUREMIXTURE

w1, W2 and wg stand for weighting parameters and were modifféel @ach calculation cycle
to check if different values yield better resulédter the calculations did not show any
improvements in the measured results, new moletidresc were defined manually, by
comparing with old measurement results. The idésnbethat was that, if a set mole fraction
is taken and only slight changes are made, thendigmee of the viscosity and the dielectric
constant on the mole fraction behaves almost limearsmall scale. This can be shown in the
following example:

Table 4 Temperature Mixture Manual Modifications

T[K] xAN
303.15 0.61 0.32 0.07 40.15 0.4643
303.15 062 031 0.07 40.77 0.4563

303.15 0.63 0.30 0.07 41.78 0.4508
303.15 0.64 0.29 0.07 37.62 0.4517

As can be seen only two mole fraction volumes vei@nged while one was kept constant. At
first the dielectric constant and the viscosityrae lineaf” but the last row is a break point.
These break points are the reason some kind of latmty surface plot for the ternary
mixtures was suspected. So if a good starting psiavailable the dielectric constant and the
viscosity can be modified in a small scale withltand error.

When checking which results were already availadldielectric constant of about 40 and a
viscosity of about 0.46¢cP were set as target valuethe following table the underlined row
is the value for this temperature which was usestasing point for the manual adjustments.
The following lines were the measurements untildesired values (bold) were obtained.

2 the higher the mole fraction of acetonitrile thevér the dielectric constant and the viscosity
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3 EXPERIMENT AND APPARATUS- 3.8 DELECTRIC CONSTANTMIXTURE

Table 5 Temperature Mixture Results

T [K] x AN x BN x PC € [cP]

288.15 0.83 0.14 0.03 41.71 0.4482
288.15 0.81 0.16 0.03  40.72 0.4530
288.15 0.80 0.17 0.03 40.03 0.4603
293.15 0.78 0.18 0.04  39.39 0.4489
293.15 0.77 0.18 0.05 43.30 0.4568
293.15 0.71 0.25 0.04 38,95 0.4664
293.15 0.72 0.24 0.04 38.51 0.4577
293.15 0.73 0.23 0.04 39.98 0.4572
298.15 0.68 0.26 0.06 38.84 0.4561
298.15 0.69 0.25 0.06 40.30 0.4545
303.15 0.64 0.29 0.07 37.62 0.4517
303.15 0.66 0.26 0.08 44.27 0.4592
303.15 0.62 0.32 0.06 40.23 0.4484
303.15 0.60 0.34 0.06 39.52 0.4509
303.15 0.63 0.30 0.07 41.78 0.4508
303.15 0.62 0.31 0.07  40.77 0.4563
303.15 0.61 0.32 0.07 40.15 0.4643
308.15 0.57 0.34 0.09 38.16 0.4568
308.15 0.61 0.30 0.09 3991 0.4563
313.15 0.51 0.38 0.11  40.48 0.4719
313.15 0.53 0.37 0.10 42.02 0.4497
313.15 0.48 0.42 0.10 40.05 0.4639
318.15 0.42 0.46 0.12 38.77 0.4520
318.15 0.43 0.45 0.12 41.30 0.4787
318.15 0.43 0.46 0.11 40.10 0.4573
323.15 0.28 0.58 0.14  37.59 0.4766
323.15 0.30 0.56 0.14  39.60 0.4758
323.15 0.38 0.48 0.14 42.26 0.4619
323.15 0.39 0.47 0.14 42.47 0.4560
323.15 0.35 0.52 0.13 4219 0.4559
323.15 0.31 0.57 0.12 39.73 0.4571
328.15 0.43 0.42 0.15 40.52 0.4312
328.15 0.21 0.66 0.13 38.40 0.4602
328.15 0.20 0.67 0.13 39.37 0.4637

3.8 Dielectric Constant Mixture

Based on the experiments by Sabine Richert, MSc ixdura of propyl acetate and
butyronitrile was used. Both solvents have a simiiacosity, which guarantees that at the
same temperature the viscosity of the mixture ealyes slightly. The dielectric constant on
the other hand differs greatly, which allows toiaton of this property of the mixture
according to the molar fraction. Experiments protred theory.

The next step for improvement was to get the saismsity for all temperaturés In order

for this to work a solvent that has a rather lowletitric constant, so that the range is not
shifted too high, and at the same time a high goso that it can be used to increase the
viscosity at higher temperatures of the mixtures waeded. Diethyl phthalate fulfils these

2 15°C, 25°C, 35°C, 45°C and 55°C

30



3 EXPERIMENT AND APPARATUS- 3.9 MSCOSITY MIXTURE

requirements. By trial and error the mole fracti@tessary to reach a similar viscosity over
the whole temperature range was ascertained.

3.9 Viscosity Mixture

Also based on previous experiments glycerol and DM#&ere chosen as solvents for this
mixture. With a difference of about iMetween the viscosity of pure DMSO and pure
glycerol a large variety of viscosities can be aghd by adjusting the molar fraction. It was
not possible to measure this mixture in Graz, beeaglycerol as well as DMSO react with
the water in the air and change their propertiegegadically. At this point no option to
measure the viscosity under inert gas was avaikatdethe measurement time is too long for
measurements under air, so that changes can ledaturing measurement. The dielectric
constant measurement was not possible, becauseatifea small inlet and the high viscosity
of mixtures with more than 40 mole percent glycefdie time to fill the measuring cell is so
high that the mixture has enough time to react widlter in the air.

3.10 Regensburg

The results from our experiments were compared With results obtained by using the
laboratory from Professor Buchner at the UniversitfRegensburg. They could measure the
same properties, but had a different measuringesysor each, which made a comparison
very interesting.

The viscosity was measured by a falling ball visoeser, namely the AMVn from Anton
Paar. This type of viscosimeter is also known &#l@ppler viscosimeter”. The dielectric
constant was measured with a Vector Network Analie&364B (Agilent) with ECal Modul
and the density was measured by an oscillatingbdd;tthe DMA 5000M, also from Anton
Paar. The results from the density measurementagith the data obtained in Graz. Only a
few viscosity measurements, which also concur whth results from Graz, could be done,
because afterwards different problems with the ggipa occurred. In contrast to that a rather
big difference showed up, when comparing the datemfthe two dielectric constant
measurements of the temperature mixture. The sesitilthe dielectric constant mixture only
showed a small difference for each data gaimtlso for the latter the important part is that
the dielectric constant varies, which was confirniedRegensburg, and that the desired
range is kept, which was still the case. The vafaeshis mixture are listed at “4.3 Dielectric
Constant Mixture”. After a few more experimentsdraz it was possible to ascertain that the
problem stems from the measuring cell.

This table shows the dielectric constant valuetheftemperature mixture measured in Graz
compared to Regensburg.

Table 6 Comparison Dielectric Constant Graz-Regenslig

T[°C] x(AN) x(BN) x(PC) ¢&Graz & Regensburg

15 0.80 0.17 0.03 40.0 35.0
25 0.69 0.25 0.06 40.3 33.5
35 0.61 0.60 0.09 39.9 32.3
45 0.43 0.46 0.11 40.1 30.8
55 0.20 0.67 0.13 39.4 27.7

24 Between 0.5 and 1.2 dielectric constant units
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3 BEXPERIMENT AND APPARATUS- 3.10 REGENSBURG

The difference increases with temperature, but @ason for this behaviour could be
ascertained yet, as shown in “Figure 25 Dieled@onstant Comparison Graz-Regensburg”.

—&— Graz
—— Regensburg

40 —k/*\.//-\.

28

T T T T T T T T 1
15 25 35 45 55

Temperature (T)

Figure 25 Dielectric Constant Comparison Graz-Regesburg
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4 RESULTS ANDDISCUSSION- 4.1 TEMPERATUREMIXTURE

Zwei Dinge sind zu unserer Arbeit noétig:
Unermidliche Ausdauer und die Bereitschatft,
4 Results and Discussion etwas, in das man viel Zeit und Arbeit
gesteckt hat, wieder wegzuwerfen
ALBERT EINSTEIN

4.1 Temperature Mixture

Because of the dubious data obtained in Graz aldaiternary mixture with constant solvent
properties while varying the temperature could lbetdevised. A new measurement cell is
necessary in order to be able to start workinghasrhixture again.

4.2 Viscosity Mixture

The relaxation of mixtures with a high glycerol gemtage occurs at low frequencies, which
cannot be measured by the VNA in Regensburg. Thenimg graphs show’ ande” of all
mixtures plotted against the frequency. In ordegete; out of these plots’ needs to reach a
plateau.

—— Epsilon’
50 — Epsilon”

Epsilon

Frequency (GHz)

Figure 26 1.0 DMSO - 0.0 Glycerol

— Epsilon’
Epsilon"|

Epsilon

Frequency (GHz)

Figure 27 0.9 DMSO - 0.1 Glycerol
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Figure 28 0.8 DMSO - 0.2 Glycerol
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Figure 29 0.7 DMSO - 0.3 Glycerol
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Figure 30 0.6 DMSO - 0.4 Glycerol
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Figure 31 0.5 DMSO - 0.5 Glycerol
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Figure 32 0.4 DMSO - 0.6 Glycerol
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Figure 33 0.3 DMSO - 0.7 Glycerol
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Figure 36 0.0 DMSO - 1.0 Glycerol
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4 RESULTS ANDDISCUSSION- 4.3 DELECTRIC CONSTANT MIXTURE

These diagrams still show that, which is the x value of the inflection point diete’ plot,
changes. This correlates with the theory explaiaégt on at “5.1 Temperature Mixture”, as
there is definitely a viscosity change in thesetores.

4.3 Dielectric Constant Mixture

This mixture did not suffer from the defect measgrcell, because the dielectric constant
changes here and only a certain dielectric constarge covered is wanted, which is still the
case.

The mole fraction of each mixture can be founchmfollowing table:

Table 7 Dielectric Constant Mixture Results

T[°C] x(PA) x(BN) x(DEP) & n [cP] Np

1.00 0.00 0.00 6.0 0.6287 1.3875
0.80 0.20 0.00 8.9 0.6277 1.3871
15 0.60 0.40 0.00 12.2 0.6270 1.3868
0.40 0.60 0.00 16.0 0.6287 1.3868
0.20 0.80 0.00 20.3 0.6261 1.3870
0.00 1.00 0.00 25.2 0.6298 1.3877
0.97 0.00 0.03 5.9 0.6135 1.3884
0.78 0.195 0.025 8.6 0.6055 1.3890
o5 0.585 0.39 0.025 11.6 0.6062 1.3883
0.39 0.585 0.025 15.1 0.6108 1.3894
0.20 0.78 0.02 18.7 0.6064 1.3885
0.00 0.98 0.02 23.4 0.6054 1.3886
0.96 0 0.04 5.5 0.6005 1.3871
0.77 0.19 0.04 8.0 0.5918 1.3879
35 0.58 0.38 0.04 10.8 0.5985 1.3883
0.38 0.575 0.045 14.0 0.5922 1.3900
0.19 0.765 0.045 17.8 0.6056 1.3910
0.00 0.95 0.05 21.5 0.6118 1.3920
0.90 0.00 0.10 5.5 0.6151 1.3952
0.73 0.18 0.09 7.7 0.5990 1.3954
45 0.55 0.36 0.09 10.1 0.6007 1.3952
0.36 0.55 0.09 129 0.6043 1.3960
0.18 0.73 0.09 159 0.6099 1.3969
0.00 0.91 0.09 19.3 0.6121 1.3980
0.86 0.00 0.14 5.5 0.6017 1.3982
0.69 0.17 0.14 7.5 0.6027 1.4011
55 0.52 0.345 0.135 9.6 0.6051 1.4007
0.35 0.52 0.13 12.1 0.6089 1.4010
0.175 0.70 0.125 14.8 0.6051 1.4016
0.00 0.88 0.12 17.9 0.6087 1.4016

As can be seen the dielectric constant per temyperas between ~6 and ~20, while the
viscosity and the refractive index stay in a reabkdm close range, especially considering
“Figure 1 Temperature Dependence Viscosity”, whibhbws the big influence of temperature.
So this mixture, with such a small variation ramde, is a big improvement and should be
usable for small activation energy measurements.
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5 QUTLOOK - 5.1 TEMPERATUREM IXTURE

Das Geheimnis aller Erfinder ist,
nichts fur unmoglich anzusehen.
JUSTUS VONLIEBIG

5 Outlook

5.1 Temperature Mixture

A stable and working measurement method for thiectiec constant has to be established. In
order to fulfil this, plans for a new measuringl @k being considered. An application idea
for this mixture would be an in-depth analysis bé tadiabatic case of electron transfer
reactions. During the electron transfer process nibheleus coordinate is influenced by
vibrations and by the longitudinal relaxation tifrg) of the solvent. With these two together
the coordinate can increase and decrease. If thegerhill is broad, then the time, for

crossing this barriét, is long enough for, to influence the coordinate. As a result the

following scenario is possible:

N
N
\ﬁl/

N

Reaction Coordinate

Free Energy

Figure 37 Adiabatic Energy Diagram

As “Figure 37 Adiabatic Energy Diagram” shows thecleus coordinate increases and
decreases while crossing the barrier. That meadgdhthis case not only the height but also

the form of the hifl® is important.

Equation 23 Longitudinal Relaxation Time*’

€
T, =—Tp
Sr

% = the distance the nucleus coordinate has toasere
% the energy necessary for the reaction
" See (26)
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5 QUTLOOK - 5.1 TEMPERATUREM IXTURE

Equation 24 Debye Relaxation Timé&

3Vun

= RT
1. = longitudinal relaxation time
= Debye relaxation time
g = dielectric constant measured at infinite longfrency
€, = dielectric constant measured at infinite higkgfrency
Vu = molar volume
R = universal gas constant
T =temperature in Kelvin

As can be seen the longitudinal relaxation timdegpendent on the Debye relaxation, which
in turn is proportional to the viscosity. This caation can also be observed in the dielectric
loss spectra shown in 4.2 Viscosity Mixture. Sméasurements at different temperatures are
made, the viscosity is changed and as a consequensenot the same, which has a direct
influence on the rate constant. If these valueshare used to calculate the activation energy,
then the change af, which has influenced the rate constant, has neh laEcounted for,
which leads to a wrong result for the energy. Threrencreases percental as the activation
energy decreases. In order to measure withouirthiigence, the viscosity and the ratio &f
ande; have to stay the same over the measured temperagion.

As the whole process is also dependent on the Hakwr®’, another prerequisite is for the
dielectric constant and the refractive index tg/ stanstant. All of these conditions are met
with the temperature mixture, which should enabkasurement and calculation of small
activation energies.

Another idea for application would be the standalettrode potentials. They are defined for
25°C. At the moment the temperature dependendeesttpotentials is not really defined. For
the calculation of this dependency the system &duk Then the potential is measured and
from this potential AS is calculated. This form of calculation completglnores the changes
in the solvent, which should be included in theeakltedAS:

Equation 25 Temperature Dependence of Potentiafs
<6E> 1 (6Ar6> _AS
ST nF\ 6T /, nF

14
The unit of AS is J/(K*mol). This means for a measurement abowdelow 25°C, the
difference in temperature is multiplied A& in order to calculate the energy difference. This
is then converted to V by dividing by nF. The réssl added to the standard electrode
potential. The bigger the temperature differengehe bigger is the impact on the solvent
properties and as a consequence the bigger igrire e

The influence of the solvent properties is in tladue of A,G. The exact correlation can be
seen from Equation 6 to Equation 9. The temperatnir¢ure would have constant solvent
properties while changing the temperature. Thisldi@emsure that the solvent stays the same
and has no influence aS.

The problem, that would still remain, is the asabon constant in organic solvents. The ion
pair formation increases rapidly with increasinq@entration in organic solventsAs the

28
See (27)
 The influence comes from the activation energyessary to cross the barrier = height of the barrier
0 'see (28)
31 See (23) for experiments showing this
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5 QUTLOOK - 5.2 MscosITYMIXTURE

electron standard potentials are defined for aivigctof 1M, which probably cannot be
achieved in this mixture, an alternative aqueoustesy, that keeps all solvent properties
constant, should be considered. In agueous systensolubility should not pose a problem.

5.2 Viscosity Mixture

In order to start working on this mixture a progewvironment for measurements has to be
created. For viscosity measurement a gas box has Hwilt which should enable
measurements in inert gas atmosphere. For diglemristant measurements: the inlet of the
cell in planning should be large enough so thatldws faster filling for mixtures with high
viscosity.

An application would be given by photoinduced elacttransfer reactions. If the electron
transfer is very fast that means that k> kg then the reaction would be diffusion
controlled. As a consequence every collusion ofeaaited particle with another particle
would result in an electron transfer. Taking a cammersion of Smoluchowski's relatitn
into account, the diffusion would be viscosity dathperature dependent:

Equation 26 Smoluchowski Relatiofi®

8RT
kairr = 3500m

As the name photoinduced electron transfer alr@adigates, activation energy in the form of
light is necessary to start this kind of reacti@f.course the wavelength of the light has to
agree with the absorption band of one of the dagicOtherwise the energy could not be
transferred to the system. Due to the solvatochraaffect this is dependent on the polarity
respectively the dielectric constant of the solvemith increasing dielectric constant a
bathochromic or a hypsochromic shift, dependingtiom particle, is possibl&. Keeping
everything constant, except for the viscosity, lim@ate the above discussed influences of
the other properties, systematic measurements efirtluence of the viscosity on the
experiment could be observed. Of course the terhperanixture could also be used for this
application, to observe the influence of tempematur

%2 Only valid for neutral acceptor and donor befdre ¢lectron transfer

B 3see (27)

% This is not the same dependency as for redox pakenas these always decrease with increasirgatiie
constant
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5.3 Dielectric Constant Mixture

This mixture could be used in MARY measurements. RWAis a spectroscopy where a
photoinduced electron transfer reaction is inflehdy a magnetic field. The following
figure shows the most important reaction pathwaygHis:

A
G| 'A*+'D —uo
f N T - 9 P HFI 4o o 3
1[AS-... D3] = '[PA*+°D°] = °[A*+°D°]
hvi||ht l
SA*+1'D
hv"
\
lA+1D

Figure 38 Photoinduced Electron Transfet®

The part influenced by the magnetic field is thieligystem crossing of the radical ion pair,
which leads from a singlet to a triplet state. B@ider to observe this influence at first the
singlet radical ion pair is needed. The converstan only happen when the ions diffuse
slightly apar®, because the spin must be able to reverse ifei. is not possible at small
distances, because the energy of the spin pathatghas to be overcome, is a function of the
distance. As a consequence a certain distanceoh@esdchieved between the two ions before
intersystem crossing can occur.

The interesting part concerning the dielectric tamsmixture is the formation of the ion pair,
which is dependent on the dielectric constantnlian pair is formed, the overall charge is
still zero, but a charge separation has taken plalsis means that the solvent adjusts itself
around the ion pair according to the idea for theoreorganisation energy. This is illustrated
in the following graph:

Figure 39 Solvent Reorganization

% Figure taken from (22) page 7
% although it says “apart” the distance betweeridhs is still in the range where they can be carsid an ion
pair
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A high dielectric constant promotes ion formatiéis.a consequence the magnetic field effect
increases with the dielectric constant, as the ranrabradical ion pairs increases. At the same
time a high dielectric constant also promotes disgimn of ion pairs.

A simple explanation of this effect can be givendigking at Coulomb’s law:

Equation 27 Coulomb's Law*’
419>
£9&yd?

F =force

g = magnitudes of the electrical charge of particle i
go = Static dielectric constant

g = relative dielectric constant

d = distance between the two particles

The bigger F is the stronger is the force that kebp two differently charged ions together. If
¢ or the distance between the two ions is increasedforce decreases. When the force falls
under a certain value it is too weak to keep tms itmgether and the ion pair is broken. This
means that with a high dielectric constant theadise, that is necessary to break the ion pair,
decreases, or that the distance, which is needecbr two free ions to become an ion pair,
is decreased. The reason for the movement of thpao and the possible breaking of it, due
to movement, is diffusion. So ion pairs are lesstaed in solvents with a high dielectric
constant®

Combining both effects means that, until a dieleatonstant of about 13 is reached, the
magnetic field effect should increase with the eb#ic constant. After that, ¥ is further
increased, the effect slowly decays. This is thesoa that, for this mixture, a dielectric
constant range of 5 to 20 has been aimed at.

The refractive index has to be kept constant, ksait also influences the outer
reorganisation energy like the dielectric constavtijle the temperature and the viscosity
must stay constant, because both influence thesiiif rate. With the dielectric constant
mixture this is the case and the above describ&ettedf the dielectric constant on the
magnetic field effect can be observed using thigume.

5.4 Conclusion

Although only the mole fractions for one mixturausbbe successfully determined, this thesis
shows that it is definitely possible to create soktures. It is also possible to find the values
for the viscosity and the temperature mixtureh# work is continued. The application ideas
discussed at “5 Outlook” are only examples. Thasdskof mixtures are useful for everyone,
who works with electron transfer reactions, asaiertdependencies can be eliminated or
controlled. This allows conducting experiments thatre not possible before, and alleviate
many of the already established experiments.

Further research in this field will definitely beraducted.

37 See (28)
38 Eor further information on ion pair formation ingamic solvents along with experimental values 28 (
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6 Appendix

6.1 VBA Code

Sub Epsi | on_DE()

DmF As Single

DmCR As Single

Dim G As | nteger

Dim NP As | nteger

Di m Agent (150, 12) As Doubl e

Di m New_Generation(150, 12) As Doubl e
Dim Mutation(12) As Doubl e

Dim Trial (12) As Doubl e

Dmrl As Integer 'Random Index 1
Dmr2 As Integer 'Random Index 2
Dmr3 As Integer 'Random Index 3

Dmrl As Integer 'Random Index for Crossover
Di m Ausgabe(12) As Doubl e

Dime BN As Doubl e
Dime_AN As Doubl e
Dime_PC As Doubl e
Dim x1 As Doubl e

Di m x2 As Doubl e

Di m x3 As Doubl e

Dmi As |nteger

Dimj As Integer

Di m Epsil on As Doubl e
Di m wbDK As Wor ksheet
Di m Zwi schenspei cher As Doubl e

Set wDK = Thi sWor kbook. Sheet s(" DK")

'‘Parameter Setting

F=0.8
CR=0.9
'Initialization
NP =0
Do
Random ze
Agent (NP + 1, 1) = (5000 + 5000) * Rnd - 5000
Agent (NP + 1, 2) = (20000 + 5000) * Rnd - 5000
Agent (NP + 1, 3) = (CDbl (30000) + 5000) * Rnd - 5000
Agent (NP + 1, 4) = (40000 + 5000) * Rnd - 5000
Agent (NP + 1, 5) = (CDbl (200000) + CDbl (5000)) * Rnd - CDbl (5000)
Agent (NP + 1, 6) = (1 + 100000) * Rnd - 100000
Agent (NP + 1, 7) = (50000 + 1000) * Rnd - 1000
Agent (NP + 1, 8) = (1000 + 50000) * Rnd - 50000
Agent (NP + 1, 9) = (50000 + 50) * Rnd - 50
Agent (NP + 1, 10) = (5000 + 5000) * Rnd - 5000
Agent (NP + 1, 11) = (5000 + 5000) * Rnd - 5000
Agent (NP + 1, 12) = (5000 + 5000) * Rnd - 5000
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For j =7 To 41

x1 = wDK. Cel I s(j, 6).Value

x2 = wDK. Cel I s(j, 7).Value

x3 = wDK. Cel I s(j, 8).Value

e AN = x1 * Log(wDK. Cel Is(j, 2).Value)

e BN = x2 * Log(wDK. Cel I s(j, 3).Value)

e PC = x3 * Log(wDK. Cel I s(j, 4).Value)

Epsilon = Exp(e_ AN + e BN + e PC + ((x1 * x2) [/ wbK Cells(j,
1).Value) * (Agent(NP + 1, 1) + Agent(NP + 1, 2) * (x1 -
x2) + Agent(NP + 1, 3) * (x1 - x2) ~ 2) + ((x1 * x3) [/
wDK. Cel I's(j, 1).Value) * (Agent(NP + 1, 4) + Agent(NP +
1, 5) * (x1 - x3) + Agent(NP + 1, 6) * (x1 - x3) ~ 2) +
((x2 * x3) /| wbhK. Cells(j, 1).Value) * (Agent(NP + 1, 7)
+ Agent (NP + 1, 8) * (x2 - x3) + Agent(NP + 1, 9) * (x2
- x3) M2 + ((x1 * x2 * x3) / whK Cells(j, 1).Value) *
(Agent (NP + 1, 10) + Agent(NP + 1, 11) * (x1 - x2 - x3)
+ Agent (NP + 1, 12) * (x1 - x2 - x3) " 2))

Agent (NP + 1, 0) = Agent(NP + 1, 0) + Sqgr((Epsilon - wDK. Cells(j,

10) . Value) » 2)

Next j

NP = NP + 1
Loop Until NP = 150
Do

For NP = 1 To 150

‘Selection Random Indizes

Random ze

Do

rl =Cnt((150 - 1) * Rnd + 1)

Loop Until r1 <> NP

Do

r2z =Clnt((150 - 1) * Rnd + 1)
Loop Until r2 <> NP And r2 <>r1l
Do

r3 =Clnt((150 - 1) * Rnd + 1)

Loop Until r3 <> NP And r3 <>r2 And r3 <>r1l

‘Mutation

For i =1 To 12

Mutation(i) = Agent(rl, i) + F* (Agent(r2, i) - Agent(r3, i))

Next i

‘Crossover
Random ze
ril =Cnt((12 - 1) * Rad + 1)
For i =1 To 12
Random ze
If i =rl Then
Trial (i) = Mutation(i)
El self Rnd <= CR Then
Trial (i) = Mutation(i)
El se
Trial (i) = Agent (NP, i)
End | f

Next i

Trial (0) =0

For j =7 To 41

x1 = wDK. Cel I s(j, 6).Value
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x2 = wDK. Cel I s(j, 7).Value

x3 = wDK. Cel I s(j, 8).Value

x1 * Log(wDK. Cells(j, 2).Value)

_ x2 * Log(wDK. Cells(j, 3).Value)

e PC = x3 * Log(wDK. Cel I s(j, 4).Value)

Epsilon = CDbl (Exp(e_AN + e BN + e_ PC + ((x1 * x2) /
wDK. Cel I's(j, 1).Value) * (Trial (1) + Trial(2) * (x1 -
x2) + Trial(3) * (x1 - x2) ~ 2) + ((x1 * x3) [/
wDK. Cel I's(j, 1).Value) * (Trial(4) + Trial(5) * (x1 -
x3) + Trial(6) * (x1 - x3) N 2) + ((x2 * x3) [/
wDK. Cel I's(j, 1).Value) * (Trial(7) + Trial(8) * (x2 -
x3) + Trial(9) * (x2 - x3) M 2) + ((x1 * x2 * x3) [/
wDK. Cel I's(j, 1).Value) * (Trial (10) + Trial (11) * (x1
- X2 - x3) + Trial(12) * (x1 - x2 - x3) ™ 2)))

On Error Resunme Next

If Epsilon - wDK. Cells(j, 10).Value >= 0 Then

Trial (0) = Trial(0) + (Epsilon - wDK. Cells(j, 10). Val ue)

Im
=
Z

inn

El se
Trial (0) = Trial (0) + (Epsilon - wDK Cells(j,10).Value)*-1
End | f
Next j
‘Selection
If Trial (0) < Agent (NP, 0) Then
For i =0 To 12
New Ceneration(NP, i) = Trial (i)
Next i
El se
For i =0 To 12
New Generation(NP, i) = Agent (NP, i)
Next i
End |f
Next NP
‘Save New Generation values to Agent
For NP = 1 To 150
For i =0 To 12
Agent (NP, i) = New Generation(NP, i)
Next i
Next NP
'‘Output
For i =0 To 12
Ausgabe(i) = Agent(1, i)
Next i
For i = 2 To 150

If Agent(i, 0) < Ausgabe(0) Then
For | = 0 To 12
Ausgabe(j) = Agent (i, j)
Next j
End | f
Next i

For i =1 To 12
wDK. Cel I's(2, i + 1).Value = Ausgabe(i)
Next i
wDK. Cel I s(3, 2).Value = Ausgabe(0)
Loop Until Ausgabe(0) < 15

End Sub
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6.2 Circuit Diagrams
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6.3 Index of Figures

Figure 1 Temperature Dependence Viscosity

Figure 2 Arrhenius-Andrad Relation

Figure 3 Arrhenius-Andrad Relation Normalized

Figure 4 Arrhenius Plot

Figure 5 Refractive Index Definition

Figure 6 Temperature Dependence Refractive Index
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Figure 7 DMSO-Propanol

Figure 8 Acetonitrile-Propanol

Figure 9 Acetonitrile-Methanol

Figure 10 Temperature Dependence Dielectric Constant

Figure 11 Simplified Clausius-Mossotti Relation

Figure 12 Simplified Clausius-Mossotti Relation normalized

Figure 13 Configuration

Figure 14 Pycnometer

Figure 15 Ubbelohde Viscosimeter

Figure 16 Refractometer

Figure 17 Idle Running

Figure 18 Acetone - High Noise / Unstable Measurements

Figure 19 Old Power Supply Measurement

Figure 20 Accumulator Measurement

Figure 21 Dielectric Constant Measuring Unit Front

Figure 22 Dielectric Constant Measuring Unit Back

Figure 23 Dielectric Constant Measuring Sample Cell

Figure 24 Dielectric Constant Calibration

Figure 25 Dielectric Constant Comparison Graz-Regensburg
Figure 26 1.0 DMSO - 0.0 Glycerol

Figure 27 0.9 DMSO - 0.1 Glycerol

Figure 28 0.8 DMSO - 0.2 Glycerol

Figure 29 0.7 DMSO - 0.3 Glycerol

Figure 30 0.6 DMSO - 0.4 Glycerol

Figure 31 0.5 DMSO - 0.5 Glycerol

Figure 32 0.4 DMSO - 0.6 Glycerol

Figure 33 0.3 DMSO - 0.7 Glycerol

Figure 34 0.2 DMSO - 0.8 Glycerol

Figure 35 0.1 DMSO - 0.9 Glycerol

Figure 36 0.0 DMSO - 1.0 Glycerol

Figure 37 Adiabatic Energy Diagram

Figure 38 Photoinduced Electron Transfer

Figure 39 Solvent Reorganization

Figure 40 Circuit Diagram

Figure 41 Circuit Diagram

6.4 Index of Tables

Table 1 Base Values Pure Solvents

Table 2 Calculation Results

Table 3 Dielectric Constant Calibration Control

Table 4 Temperature Mixture Manual Modifications

Table 5 Temperature Mixture Results

Table 6 Comparison Dielectric Constant Graz-Regensburg

Table 7 Dielectric Constant Mixture Results
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6.5 Index of Equations

Equation 1 Viscosity

Equation 2 Arrhenius-Andrad Relation

Equation 3 Diffusion Coefficient

Equation 4 Arrhenius Equation

Equation 5 Refractive Index

Equation 6 Marcus Activation Energy

Equation 7 Reorganization Energy

Equation 8 Outer Reorganization Energy

Equation 9 Pekar Factor

Equation 10 Complex Dielectric Constant

Equation 11 Coulombic Work Term

Equation 12 Weller Equation
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Equation 13 Capacity

Equation 14 Clausius-Mossotti Relation

Equation 15 Molecular Polarizability

Equation 16 Calculation Dielectric Constant

Equation 17 Calculation Viscosity

Equation 18 Mutation

Equation 19 Dielectric Constant Mixture

Equation 20 Viscosity Mixture

Equation 21 Refractive Index Mixture

Equation 22 Error Criteria

Equation 23 Longitudinal Relaxation Time

Equation 24 Debye Relaxation Time

Equation 25 Temperature Dependence of Potentials

Equation 26 Smoluchowski Relation

Equation 27 Coulomb's Law
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