Solid-state NMR investigation of
phosphonic acid based proton
conducting materials

Dissertation
zur Erlangung des Grades
Doktor der Naturwissenschaften
im Promotionsfach Chemie

von Birgit Fal3bender
geboren am 10. Januar 1983 in Mainz

am Fachbereich Chemie,
Pharmazie und Geowissenschaften
der Johannes Gutenberg-Universitat Mainz

Mainz, den 15. Dezember 2009



Die vorliegende Arbeit wurde von Marz 2007 bis
Januar 2010 am Max-Planck-Institut far Polymer-
forschung in Mainz angefertigt.

Dekan:
Erster Berichterstatter:
Zweiter Berichterstatter:

Tag der miundlichen Priufung: 22. Februar 2010



Contents

1 Introduction and Motivation 1
| THEORETICAL BACKGROUND 5
2 Fundamentals of NMR spectroscopy 7
2.1 Theoreticalbackground . . . . . ... ... ... ... oo 7
2.1.1 ZEEMANinteraction. . . . . . . . . ... ... ... .. ... 7
2.1.2 Chemical shielding(CS) . . . .. ... ... ... . ....... 9
2.1.3 Dipole-Dipole interaction . . . .. ... ... .. ... ..... 9
2.1.4 Quadrupoleinteraction . . . . .. .. ... .. ... .. ... 10
2.1.5 Magic Angle Spinning (MAS) . . . . . .. ... ... ...... 11
2.2 BasicNMR experiments . . . .. . . . . . . . . .. 13
2.2.1 The single-pulse experiment (SPE) . . ... ... ...... 13
2.2.2 Echoexperiments. . .. .. .. ... .. ... .. .. .. ..., 14
2.2.3 Cross-polarisation (CP) . . . . . . .. ... ... . ... ..... 15
2.2.4 Heteronuclear dipole-dipole decoupling . . . . ... ....... 16
2.2.5 \Variable-temperature experiments: mobility of pnst . . . . . . 17



Contents

3

2.3 Advanced experiments . . . . . . . .. ... 19
2.3.1 Twodimensionalspectra . . . . ... ... ... ... ...... 19
2.3.2 Back-to-Back(BaBa). ... ... ................. 19
2.3.3 Heteronuclear dipole-dipole recoupling . . . .. .. ..... 22

Fuel cells 25

3.1 Polymer electrolyte membrane fuel cell (PEMFC) . . . . . ...... .. 25
3.1.1 Direct methanol fuel cells (DMFC) . . ... ... ........ 28
3.1.2 Alkalinefuelcells(AFC). . . . .. .. ... ... .. ...... 28
3.1.3 Phosphoric acid fuelcells (PAFC) . . . . . .. ... ... ... 8 2
3.1.4 Molten carbonate fuelcells (MCFC) . . . . . ... ... ..... 29

3.2 Mechanisms of proton transport . . . . ... .. ... 30

RESULTS AND DISCUSSION 33
Phosphonic acid containing ionomers 35
4.1 Bulk proton conductivity . . . . .. ... Lo 93
4.2 NMR characterization of the hydrogen bonds in the iomsme . . . . . 44
4.3 Probing the microscopic proton mobility in the ionomers . . . . . . . 47

4.3.1 Proton mobility revealed WY H DQ MASNMR . . . . . .. ... 47
4.3.2 Variable temperatufé¢i MAS NMR experiments . . . . ... .. 49
4.3.3 Comparison of macroscopic and microscopic condiitivi. . . 55
4.3.4 Water uptake behavior of tREXAGON . . . . . . .. .. .. .. 56

4.3.5

Deuteron NMR of theEXAGON . . . . . . . . . . . . .. ... 62



Contents

4.3.6 3P NMR studies of theionomers . . . ... ........... 67
4.3.7 Dependency 6P CSA pattern on temperatureand RH . . . . . 74
4.4  Structural features of theionomers . . . . . ... ... ... ....... 76
4.4.1 Structure determination using WAXS and computations . . . 76
4.4.2 Temperature dependency of s®UAREand theSCREW . . . . . 81
4.4.3 3P MAS NMR spectraof th6CREW . . . . . .. ... ..... 87
4.4.4 Solid state effect oftH MASNMR spectra . . . . .. ... ... 91
4.45 Structural features froldC{*H} MASNMR . ... .... .. 97

4.4.6 Mobility of the aromatic moiety using REPT-HDOR expegnts 104
4.5 Conclusion . . . ... 108
4.6 Spacerconcept . . . . ... e e e 110

4.6.1 Crystallinity of the polymers followed BYC MAS NMR and DSC112

4.6.2 Local structure frotiH and3'P MASNMR . . . . . .. .. .. 114

4.7 CoNCIUSIONS . . . . . . . 123
5 Summary 125
Appendix 130
A Additional spectra 131
B Methods 135
C Pulse program 139

List of Figures 149



Contents

List of Tables

Bibliography

153

155









Contents

VI

List of abbreviations

AC
ADMET
BaBa
CH3OH
CA

CP
CPMD

P4VP

PE
PE21-CA
PE21-ClI
PE21-Me
PE21-PA
PES-CA
PE9-CI
PE9-Me
PE9-PA
PhPA

alternating current
acyclic diene metathesis
Back-to-Back double quantum coherence
methanol
carboxylic acid
cross polarization
Car-Parrinello molecular dynamics
dipolar constant
direct current
isotropic chemical shift
deuteriumoxid
double quantum
double quantum filter
differential scanning calorimetric
activation energy
impedance spectroscopy
magic angle spinning
molecular-mechanics force field
nucleus independent chemical shift
nuclear magnetic resonance
poly(acrylic acid)
poly(4-vinylpyridine)
poly(ethylene)
poly[ethyl(21-carboxyilc acid)]
poly[ethyl(21-chloride)]
poly[ethyl(21-methyl)]
poly[ethyl(21-phosphonic acid)]
poly[ethyl(9-carboxyilc acid)]
poly[ethyl(9-chloride)]
poly[ethyl(9-methyl)]
poly[ethyl(9-phosphonic acid)]
phenyl phosphonic acid

i



VIl

Contents

PVBPA
PVPA

PVTz
REPT-HSQC
REPT-HDOR
RFDR

RH

RT

SQ

SUPER

Tm

Tq

TGA

VT

poly(vinylbenzyl phosphonic acid)
poly(vinyl phosphonic acid)
poly(vinyl triazole)
recoupled polarization transfer-heteronudiggle-quantum correlation
recoupled polarization transfer-heteronudigawlar order
radio frequency driven dipolar recoupling
relative humidity
room temperature
single quantum
separation of undistorted powder patterns by eff&sttecoupling
melting point
glass transition point
thermal gravimetric analysis
variable temperature

VIiI



Chapter 1
Introduction and Motivation

Today, the limitation of fossil energy and a steadily insiag energy demand
comprises a serious challenge. The need for renewableyeretgces promotes fuel
cells as a potential energy source, since they represerdgam @lternative to current
technologies based on fossil fuel resources. One of the frexgiently used fuel cells
is the polyelectrolyte membrane fuel cell (PEMFC), wheredéstral component is its
membrane. Currently, the state-of-the-art membrane raateilafior, a perfluorinated
polymer containing sulfonic acid groups. Due to its watesdzhconduction, it is limited
to a working temperature of 80°C. Since operation at higher temperatures can provide
increased efficiency, new proton-conducting membranesiigdhoot be based on the
diffusion of water, but rather on the structural diffusidnpootons. To achieve this goal,
several conceptual designs have been explored for almbgtesus proton conducting
polymeric electrolytes where a fair proton conductivityeahperatures higher than 3D
has been obtained. For proton conduction based on strucifiision, phosphonic
acid (PA) was used in several compounds as an immobilizedpttooic acid, e.g. in
poly(vinylphosphonic acid) (PVPA) [M 04, BINGOEL 06]. PA is considered to form
a moderately strong but dynamic hydrogen-bonding netwodvigding both P=O and
P-OH as proton acceptor and proton donor groups. It is atied that the observable
proton conductivity is based on arRGTTHUSStype mechanism (structural diffusion),
where the protons are covalently bound to the matrir¢GTHUSS 75]. In general,
the major requirements of PEMFC are high proton condugtiaitd good mechanical
properties based on a low cost material. Further desireplepties for application are a
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low water diffusion and electroosmosis, low permeabilityuzl and oxidant, and finally
they should be environment-friendly.

Although a variety of different proton conducting membrangave been synthe-
sized and investigated by manifold of techniques, inclgdsolid-state NMR, proton
conduction at the molecular level is not yet fully understodn particular, the rela-
tionship between macroscopic bulk proton conductivity amdroscopic proton motion
cannot be fully explained. Therefore, it is of great impod&a to relate structural and
dynamic properties with respect to proton conductivityg, &y means of solid-state NMR
and impedance spectroscopy, which will potentially all@w & more rational design of
new proton conducting membranes.

This work aims at understanding of structural motifs andgalynamics of promising
proton conducting materials, which is of crucial importano unravel the proton
conduction mechanisms of PEMs. In particular, hydrogendban networks, local
proton mobility, and molecular packing arrangements ardistl by means of advanced
solid-state NMR methods. High-resolutidid MAS NMR spectroscopy in partic-
ular provides useful information on dynamic hydrogen-bogdin solids including
exchange of protogenic groups with solvents. Hydrogen buoetgvorks are the key
interaction investigated in this work and it plays an impattrole in chemical and
biological systems [RBUNNER98]. In particular, in proton conduction the hydrogen bond
strength and mobility of the protons within PEMs can be a#ddy manifold parameters.

After a brief description of the solid-state NMR techniquébst are used in this
thesis, an overview of fuel cells is presented in chapterubs8quently, the main results
of this thesis are discussed in chapter 4 &2d In particular, chapter 4, analyzes the
influence ofself-assemblgs well as the effect ahcorporated wateion both the proton
conduction and mobility in rather crystalline ionomers.t&ldy, it was found that a high
degree of local ordering is not favorable for structurafudifon in these compounds.
Rather the observable bulk proton conduction is mainly baseidicorporated water. In
addition, chapte?? explores the impact of thecid-baseatios on the proton conductivity
of statistical poly (4-vinylpyridine) - poly(vinylbenzydhosphonic acid) (PVBPA-P4VP)
copolymers. Furthermore the effects of differepaicerlength in a polymer backbone on



the physical properties of the polymer are discussed. lyjrmsummary of all results is
provided in chapter 5.
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Chapter 2
Fundamentals of NMR spectroscopy

In 1945 Bloch and Purcell [BocH 46; PRUCELL 46] independently detected radio
frequency signals generated by the nuclei of atoms. Ovdahé0 years every endeavor
has been made to use this effect efficiently. The techniqweloleed continuously
in hardware and software as much as in sophisticated expetén Consequently, in
modern chemistry, at universities and industry alike higbotutionnuclearmagnetic
resonance (NMR) is indispensable to determine both struetudepurity of molecules.
In particular, liquid-state NMR provides fast and clearutes in daily lab praxis.
Additionally, nowadays solid-state NMR is a well estabéidhiiechnique for probing both
structure and dynamics of materialsdi$viDT-ROHR 94, DUER 04, LAwS 02].

2.1 Theoretical background

2.1.1 ZEEMAN interaction

AllNMR visible atoms may be characterized by a nuclear spgrgum numbelr > %
Each nucleus is related to a magnetic dipole morpemhich is proportional to thegyro-
magnetic ratioy, the Planck’s constarit and the quantum number as defined in equation
2.1

H=val (2.1)
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Under the assumption that there is no interaction, spin1efraucleus are energetically
identical. Placing them into a homogeneous magnetic fialdd¢o a splitting intd2l 4 1)
energy levels, il £ 0. The energy of this electromagnetic interactions can serdeed
by the SSHRODINGERequation (2.2).

d —i ~
at | P(t) >= fH | W(t) > (2.2)

Additionally, the Hamiltonian can be devided into the emesgf different interactions,
such as the external and internal. TheeXan-effect Hz, depending on the external
magnetic field and radio frequency interactibipy represent the external interactions.
Internal are the chemical shiffles, dipole-dipole Hyq and electric quadrupoléi,
interactions and finally the J-coupliridy which will not be discussed further, and are
described in more detail in fvITT 01].

A
o +1
>
22 0
)
c _a
L 2
1 -1
== I=1

Figure 2.1: Energy level diagram illustrating the breakdown of nuclear spin degepeipon the
application of a magnetic field.

All H AMILTONIANS represent interactions that may affect the equilibriurtestathe
considered spins.

N

H = |:|external + |:'internal (2.3)

= Hz + Hy +  Ho+Hop +Hes+H; (2.4)

For nuclei such asH, ?H, 13C, 1N and3lP thezEEMAN interaction is commonly the
strongest. The energy splitting between the two levels afotop representing b= %
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nucleus is given byAE = yiBg = hwy . Herew is the LARMOR frequency and shows a
wide range for protons e.g. in a 7 T magnetic field it is 300 Midhereas ina 199 T
environment it reaches 850 MHz.

2.1.2 Chemical shielding (CS)

When applying a magnetic field to a sample, each nucleus expes a different ef-
fective magnetic field due to its individual diamagneticedthing. This leads to a variation
of the ZEEMAN energy and and enables an analysis of the chemical struotmee it is
refered to as the chemical shielding. The external magfietit By induces an electric
flux in the electron cloud surrounding the nucleus, whichumtgenerates an induced
field Bing.. Thereby, the nuclear spin is exposed to an an effective atagfireldBey 1

Bett = Bo — Bing. = Bo— 0Bg = Bo(1—0) (2.5)

Quantitatively this can be measured by theRIMOR frequency for each nucleus in a
molecule which is independent of motion or orientation. Bfirdgon a scale, indepen-
dent of the strength of the external magnetic fiBidis shown in equation 2.6 [KRRIS
01]. The obtained value is called ti@hemical Shift (CS) (8) and referenced on an in-
ternal or external standard (e.g. fod tetrakis(trimethylsilyl)silane (TTSS) [MNTEAN
88]). Therefore, the ppm-scale simplifies the comparis@spettra measured at different
fields.

V—V
3[ppni = Vref”” +10° 2.6)

2.1.3 Dipole-Dipole interaction

The dipole-dipole (DD) coupling may be either intramolecular or intetetular.
Each nuclear spin generates a magnetic field which is preéstéween all types of spins
with | > 0. The dipolar coupling is an anisotropic direct spin-spiteraction through
space without involving the electron clouds. Each othemn gpthe range of the magnetic
fields interacts with the perturbing spin. As this interactis mutual, the interaction of a
homauclear coupling can be described as follows.

~ 1) ~A A An
Hlljl’homoz —%(30052@—1)(3|1z|22—”) 2.7)
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The dipole-dipole interaction can be influenced by two geoiced parameters, the dis-
tance (r) between the two spins, the anf§léetween the internuclear vector and the
By field. Thehetermuclear spin-spin pair frequencies differ significantly,the dipo-
lar Hamiltonian is reduced to

~ h L\ /: A
Anerer= — oy (36080 — 1) () (2.8)
wp(©) = woi%(?)cosz@—l) (2.9)

In general, each isotope has a characteristic gyromagraitcy and affects the dipolar

coupling as seen in equation 2.8. Investigation of the dipiwiteraction is mostly used

in anisotropic solids as dipolar couplings in liquids arenooonly averaged due to an
isotropic random motion of the molecules. These interastibowever, depend strongly
on the distance thus yielding valuable information on pmoties between nuclei.

2.1.4 Quadrupole interaction

When a spin id > % it additionally interacts with the local electrical fieldaghient
present at the nucleus. Like theeEMAN interaction, the quadrupole coupling affects
the energy levels of the nucleus. The interaction dependbealectric field gradient V
at the nucleus, the nuclear spin vedt@nd Q which is the nuclear quadrupole moment.
With a quadrupolar frequency defined in equation 2.10 trexaation between the electric
guadrupole moment of the nucleus and an electric field gnaden be described by the
following Hamiltonian [MuNowITZ 88].

. 3gQ
C6l(2-1)h (2.10)
Ho=wo VI (2.11)

In the case of deuteroRH, | = 1) the quadrupolar frequency is in the range nfl25 kHz
and the spectra are dominated by two transitions. This resnailid for nuclei where the
splitting is much lower than theARMOR frequency, where first-order perturbation theory
can be applied. In thprincipal axessystem (PAS), of the quadrupole coupling tensor,
the orientation of the external magnetic fi@glis then defined by the polar angl@sand
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b)

| L L
500 0 -500 ppm

Figure 2.2: a) TheoreticafH NMR line shape RkEe-pattern for rigid solid with) = 0. b) RAKE-
pattern of DMS. Due to the methyl rotation the spectrum shows a averageting
of wg ~ 21«48 kHz.

- . 3e?
® angles. The quadrupolar frequency thereby changes tossipre2.12, withd = TqQ

consisting of the quadrupolar coupling constﬁﬁi2 and the ZEMAN frequencywy.
g = o+ 8(3c0€O — 1 — ngsifOcoLd) (2.12)

The asymmetry parametgris often zero for C-D bonds, meaning that the electric field
gradient tensor is axially symmetric. Then the NMR frequeatthe two transitions
simplifies to equation 2.13.

wq = wp + 8(3cogO — 1) (2.13)

In the solid state in the absence of fast motions the oriemadependence of the
guadrupolar coupling leads to the well knowski -pattern [[AKE 48]. Nevertheless, fast
motions of small parts in the molecule such as methyl ratatemn average the quadrupo-
lar coupling, e.g. as observed for dimethylsulfoxide (DMBywn in Figure 2.2. Notably,
for the averaged quadrupolar coupling tense# 0 may be found even though the initial
tensor was axially symmetric FBESS81].

2.1.5 Magic Angle Spinning (MAS)

The NMR spectra of solids typically suffer from broad signathere line broaden-
ing effects can be divided into homogeneous and inhomogeneespectively [MRICQ
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79]. A countless number of possible molecular orientatmmsse different resonance fre-
guencies, thus leading to a signal broadening. As the ligkhwncreases that much, the
possibility to resolve chemical shifts e.g. in protons stlo

Consequently, a technique callethgic angle spinning (MAS) was developed in 1958
independently by Andrew and Lowe MDREW 58, LOWE 59]. Hereby, the sample is
rapidly spun around an axis tilted with respect to the statgnetic fieldBy by an angle
Bv = 54.7°.The angular dependence is described by the secadtNDREpolynomial
(i.e.vr > H):

P(6v) = %(3 cog(6v)—1) (2.14)

In principle, the interaction tensor can be averaged to,Zercase that the sample spin-
ning frequency is larger than the magnitude of the undeaglymeraction. Notably, the
second Legendre polynomial vanishes @gr = 54.7°, which is the so-calledhagic an-
gle. Measuring the sample at threagic angleoften does not average the interaction
completely, since the interactions of interest can be inrémge of a 100 kHz. In this
research work, a maximum spinning frequency080 kHz was reached using a 2.5 mm
rotor.

Other inhomogeneous effects are thkemical Shift Anisotropy (CSA), first order
qguadrupolar couplings and dipole-dipole couplings ofased spin pairs. As they are re-
focused after one rotor period one may obtain sidebandseiignal is not recorded in
a rotor synchronized fashion. This is due to the fact thatthmiltonian only contains
rotor modulated parts. If it is of interest to obtain inforima of anisotropic interactions,
a sideband pattern can be analyzed provided that the spifm@iguency is slow enough
to let the interaction take effect before being refocussesdt MAS concentrates the sig-
nal intensity in the center band. Additionally, dipole-olip couplings between multiple
spins cause homogeneous line broadening. The magnituéadepn the natural abun-
dance and gyromagnetic ratio, following the principle tihghlkr the worse. Therefore,
especially protons are affected. Sharp lines can be olatdipespinning faster than the
interaction parametewgR >> wp) 2.1.3 which can be up to 30 kHz for protons in solids.
Therefore, resolution in proton spectra is usually infleghlby homogeneous line broad-
ening even under fast MAS.
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2.2 Basic NMR experiments

2.2.1 The single-pulse experiment (SPE)

The first and simplest experiment which was performed in NM&s whesingle-
pulseexperiment (SPE). It consisted of a single®3fulse followed by signal acquisition
[BLOCH 46].

In thermal equilibrium the ground state is higher populabbeying the BLZMANN
statistics. By applying a 90pulse (e.g., parallel to the-axis) the net magnetization
is rotated to they-axis. While precessing around tlBg the magnetization induces an
oscillating voltage in the detection coil. In modern NMR sjpemeters the sign of the
rotation phase modulation is detected by mixing of the digiith two reference signals
of the same frequency but with shifted phases of 9his technique is typically refered
to as quadrature detection. The acquired signal decayitigTwis calledfree induction
decay(FID). Two relaxation processes should be disinguisedtahgitudinal magnetiza-
tion with the relaxation time constamt and the transverse magnetization relaxation time
constantl,. Ty can be up to several seconds and even hours in solids, waiteatfisverse
relaxation is generally faster.

90°

acquisition

Figure 2.3: The single-pulse experiment
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2.2.2 Echo experiments

As a result of the spectrometer hardware, each NMR measutdms adeadtime
(DE). This is due to the high power r.f. pulses which causginig of the coil and prevents
acquisition during this time. However, this limitation plkces severe artifacts if the FID
is rather short, as often can be observed in case of stromdyup@ar or dipole-dipole
couplings and chemical shift anisotropy. This problem carobercome by the BHN

echo
90° 180°

) N

A J v

90° ' ' (\A/MWMWWWW’”

acquisition

0 |P—

Figure 2.4: a) Hahn spin echo and the b) solid echo sequence. Acquisition starting sigtial
intensity maximum.

spin echo [FAHN 50]. Here, an initial 90 pulse rotates the net spin magnetization in the
X —Yy plane where the spins evolve for a timeThen a 180 echo pulse is applied that
refocuses the FID after timer2The initial state is recovered after a time&nd can be
measured.

Notably, the Hahn-Echo may only refocus the effects of spieraction whose Hamil-
tonian is linearly dependent of tHg operator. In other cases, the solid-echo has to be
applied [HMIDT-ROHR 94]. It can refocus e.g. quadrupole interaction or homagarcl
dipole-dipole interaction, bothl I, « I, by a 90 echo pulse, phase shifted by°dom
the initial pulse. In particular, in deuteron NMR, moleculeorientations during the solid
echo sequence cause frequency changes and lead to chatiadiee shapes. Analysis
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of the geometry as well as the correlation time of the motsupported by software like
the NMR weblab [MACHO 01].

2.2.3 Cross-polarisation (CP)

Due to a low natural abundance and a low gyromagnetic rgtgpectra of interesting
nuclei such ad3C and®®N are rather difficult to obtain. In order to overcome thede di
ficulties, the heteronuclear dipole-dipole coupling betwéhe proton and the heteronu-
cleus is used to enhance the signal intensity. Hereby, tinepgparization is transferred
from highy, high natural abundance nuclei protons to the nuclei of@stefANES 73].
This experiment is also abundantly used in cases where ausibhs a longéer; relax-

a) 2 b) CW
CPp | decoupling

CP |

¢ o o] ¢
WWWWWM -..-E+E-E+E-..

acquisition

Figure 2.5: a) The cross-polarization experiment. Heteronuclear decoupling seggie
b) For using continous wave (CW) decoupling the RF field is switched onhfor
whole decoupling time.
¢) TPPM is a mulitple-pulse decoupling scheme.

ation times than protons. In CP experiments heteronuclgaelidipole couplings are
reintroduced during a given contact time. This is done bgdiiting r.f. pulses on both
thel andSspins simultaneously. The maximum signal gain is given leyrétio between
the twoy. By doing so, the intensity of a carbon signal can be the@kienhanced by
the factor of four. Experimentally, this always dependslalocal environment of th8
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nuclei such as a different number of coupledConsequently, one has to consider that a
fully quantitative analysis of such CP-spectra is not alwagsible.

YsB1,s=ViBy, (2.15)

The crucial point of the CP is to match the right r.f. valuesemB®IAS conditions on
the By s/By j-ratio. Consequently, one choose a ramp rendering it easférthe match
[METZ 94]. Often, atn = +1, maximum signal is observed.

YsB1,s=ViB1) = nwr (2.16)

2.2.4 Heteronuclear dipole-dipole decoupling

For dilute nuclear spin§ (e.g. 13C with ~ 1% natural abundance) homonuclear
dipole-dipole couplings do not have to be taken into accositice the probability
of finding two neighbouring spins is fairly low. However, tiheteronuclear dipole-
dipole coupling of theS spins and high anbundance nuclear spi@ssually'H) is of the
order of tens of kHz and thus can lead to significant line beoaty even under fast MAS.

Spins of different nuclear isotopes usually possess gygoetic ratios that are suffi-

ciently different to separately manipulate them by r.f. gagl, based on the finite excita-
tion bandwidth of the pulse. For this purpose, a doublefrasoe probehead is required,
where one coil is addressed via two resonance circuits bpgrat the respective reso-
nance frequencies. A continuous r.f. irradiation of fieleesgthB; on thel spins leads
to repeated transitiong{—|). The flipping rate is determined by the amplitude of the
r.f irradiation and hence by the oscillation of the heteiear dipole-dipole interaction
with periodT = 211/y;B;. Thus, the Hamiltonian vanishes when averaged over a period
T.
In doing so, the line broadening can be suppressed by a consrhigh power irradiation
on thel spins during acquisition of the S spin by ttentinuouswave (CW) decoupling.
In order to achieve sufficient decoupling efficiencies raitieng r.f fields of 50-150 kHz
need to be applied. An intuitive way to understand the delaogieffect is that irradia-
tion leads to a precession of thepins around; and therefore, spif cannot "see” its
orientation and is not influenced, hence, tiecoupling is averaged to zero.
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By CW decoupling the dipole-dipole coupling is only removefirsb order. In the last
years multi-pulse decoupling schemes have been develogathieve more efficient de-
coupling, especially for solids under fast MAS. In this tis¢w/o-pulsephasemodulated
(TPPM) decoupling was used EBINETT 95]. It consists of a repeated sequence of two
pulses with flip angles of approximately I'7@nd a phase difference in the order of 10
-50°. This sequence has proven to be robust and more efficien€C¥\adecoupling, since
it also suppresses higher-order effects of couplings.

2.2.5 Variable-temperature experiments: mobility of protons

Solid state NMR is also capable to investigate motions inasa Variable-
temperature studies have been performed in the tempenange of -23 to 110C to
study the temperature dependent proton motions. If themem®bile proton, in théast
limit, a change in temperature results in a continuous and sigmifiarrowing of the line
width [LEE 07]. In the same temperature range polymers typically sholy a slight
variation of the backbone or CH proton signal, c.f. Figure E@rthermore, a tempera-

a)
140 120 100 80 60 40
b) 0 1 ‘ ‘ ‘
N T[°C]
[
-7,54 'S
\‘!‘\ .
.
= e
—~-8,01 S
* ~.
N \\ ]
= ~
.

—_ -

-8,5 [

\\

2,6 3.0 3,2

2.8
1000/T [K-1]

14 12 10 8 6 ppm

Figure 2.6: a) VT *H MAS NMR spectrum at 30 kHz spinning (700.1 MHz, 16.4 T) in a temper-
ature range from the bottom starting with -30 to +1@0n steps of 10C.
b) Ploting the logarithmic line width against inverse temperature to obtain the activa
tion energy by the slope.

ture shift of the peak indicates that the motion may invol¥&cent sites. The chemical
exchange process can be described with regard to the NMRstiale [$1ESS85], where
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the different ranges are characterized by the correlatme, t.. Slow and fast exchange
limits are defined by > 10~°s andt. < 10~ s, respectively.

In the fast exchange limit a single line, at an averaged ctenshift appears. The line
shape can be described by aRENTZIAN curve with a center frequency of and a line

width of
1

T
2
where TS is the transverse relaxation time. The change in transwvetsgation time

Av (2.17)

which is a synonym for the change in the line width as a fumctibtemperature can be
correlated with the exchange rafe = 2—%0

If the line width shows a linear dependence on the invers@éeature scale than the
apparent activation energi() can be calculated according to th@ RHENIUSequation,
c.f.2.18 & 2.19.

1 1 1

i R 2.18

Q mly TxAv (2.18)
Ea
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2.3 Advanced experiments

2.3.1 Two dimensional spectra

Two dimensional NMR established the possibility to invgate coherences which
cannot be detected directly. The general principle of a dimeensional experiment is
to introduce a second time domamprior to acquisition. A defined number of FIDs
is recorded incremented ky. After Fourier transformation in both dimensions, a two-
dimensional NMR spectrum is obtainedqEsT 87].

Some experiments require a phase sensitive detection imdirect ¢1) dimension.
Therefore, a phase cycling scheme, incrementing the ptiadleescitation pulses, has to
be applied. Well-established methods inee proportionalphaseincrementation (TPPI)
[M ARION 83] and the States-TPPI [MRION 89]. The basic idea is to increment the phase
in steps of 90 where every increment &ty or 2At; respectivly. In States-TPPI real and
imaginary parts are recorded sequentially and the phasdyisneremented every second
t1 increment.

90°

acquisition

)WWWMW”MM

t2

excitation |evolution (t1) [reconversion| t,

Figure 2.7: Basic structure of a multiple-quantum experiment.

2.3.2 Back-to-Back (BaBa)

In this experimentdouble quantumcoherences (DQC) are utilized to obtain valu-
able information. The terrnoherencealescribes the extent to which isolated subsystems
interfere with the ensemble [WNowITz 88]. In this context single and double quan-
tum coherence will be explained. In a magnetic fiBldthe net magnetization is aligned
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along thez axis. Consequently, in theandy plane, there is a randomly distributed mag-
netization which averageds to zero. Applying a RF pulse guhal to thez axis flips
the net magnetization from theaxis to thex —y plane. This transverse magnetization
represents a transfer between two energy levels with aréifte in quantum number of
Am = +1. Therefore, this transfer is a called a single quantum restoe and can be
described with product operator formalism in equation 2M6re information about the
product operator formalism can be found elsewheregKeR 06]. The double quantum
coherence cannot be explained within the classical vectoletn Such a coherence cou-
ples two spins during a evolution time and forms an anti piséste. This can be further
influenced by additional RF pulses e.g. to form a double quamherence 2.21.

A A TTA~ TTA~ A A

DQC can be generated via the dipole-dipole interaction eebntwo spins. In presence
of MAS, which averages the DDC, DQC can only be generatedeifahmer is recoupled
by appropriated pulse sequences. One of such sequencesBadthk-to-Back sequence
(BaBa) as illustrated in Figure 2.8 fiKE 96]. Excitation of DQC can be performed by
applying two 90 pulses spaced by half a rotor period- “§ — x). Due to the sign change
of the Hamiltonian the recorded signal is shifted in the phasout 90 which modifies
the sequence tx— "R —xy— R —y) whenTtex. = 1 Tr. The rotor synchronized version
of the BABA experiment is frequently used for sp}muclei. This sequence is based on
homonuclear dipolar coupling and conveniently used asratiser robust under various
MAS conditions.

90°

N
2

T Pt T t
excitation evolution reconversion acquisition

Figure 2.8: Pulse sequence of a BaBa experiment.

BaBa comprises an useful approach to distinguish mobile anbioiie protons. Notably,
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local mobility may reduce the effective dipolar couplingstween two nuclei. More-
over, it is used for determination 8H-H proximities and'H-1H internuclear distances
[SCHNELL 01a]. Spin-spin distances in the range of several A can lestigated depend-
ing on the excitation/reconversion times and the strenfjtheodipole-dipole interaction

2.22.

D) — _“Oﬁsyiz (2.22)

AT

A schematic 2D spectrum that may be obtained with the BaBa segus shown in Fig-
ure 2.7. The double quantum coherence between spins ofatfitffehemical shifts are
represented by the sum of the frequencigsandwg, the "cross peaks" and can be de-
tected at both frequencies andwg. The single quantum dimension reveals information
if two nuclei of the same chemical shift can form a double quancoherence. This are

the "auto peaks” which are located at the diagonal of thetspec

A

double-quantum dimension 1

s . . .. . . (’OA+ (’OA
Wy

single-quatnum dimension f2

Figure 2.9: Schematic representation of a two-dimensional rotor-synchronised B@atrum.
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2.3.3 Heteronuclear dipole-dipole recoupling

Heteronuclear dipole-dipole interactions are usuallyrayed by MAS to obtain a
high resolution spectrum. A number of experiments whichtreduce these interactions
use a building block of theotational-echodouble-resonance (REDOR) experiment de-
veloped by Guillion et al. [GiLLION 89]. This block is based onipulses spaced by half
a rotor period, which invert the sign of the Hamiltonian ahdg recouple the heteronu-
clear dipole-dipole interaction. Useful sample inforroatabout both, proximities can
be obtained byecoupledpolarizationtransfer-heteronucleasingle-quantumcorrelation
(REPT-HSQC) and dynamics bptor encoded - REDOR (REREDOR) andcoupled
polarizationtransfer -heteronucleadipolar order (REPT-HDOR). Since in this work
dipolar constants were obtained using REPT-HDOR the othédrsiet be discussed in
detail [RaPP 03]. Since the 180pulses only lead to an inversion of the sign, they can

| | | |
rotor synconized /G.-)\: YACRY )
phase shift

! v
| UAVAUAS @\
ﬁopgfaestéas'ﬂift @ "‘{H @ v @ ' @ W

Figure 2.10: Principles of recoupling using a pulse train.

]

be applied on thé andS channel without changing the average Hamiltonian which als
can describe the evolution over one rotor period of the nglog 1T pulse train. This,
however, is only the case in the absence of quadrupolar icguphll experiments which
are refered to in this work use the same REDOR scheme but bifféne nucleus from
which the recoupling process is started and the detectddusj@ither conventional X or
inversetH-detection [ALWACHTER 02)].
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Preparation : Excitation t1 Reconversion Detection

REPT-HSQC

DD

REPT—HDORI I I@{ H } o
IR I

L
Figure 2.11: Pulse sequences for heteronuclear correlation spectra based dpRREDe arrows

indicate the possible pathways for the transverse components of thecobstates
present in the indirect dimension

REPT-HDOR

The REPT-HDOR experiment facilitates the determination etelonuclear dipole-
dipole coupling constants within reasonable measuringgiin samples with3C in nat-
ural abundance. The characteristic feature of REPT-HDOR ige¢ate a state of het-
eronuclear dipolar order which does not evolve dutingPAALWAECHTER 01b].

ThisI,S state is obtained prior tg by a 90 pulse on thé channel. Another 90pulse
on theSspin converts back into antiphase cohereﬁaé)eaftertl. During reconversion this
antiphase coherence evolves back into observable SQ cmieeré&he signal is periodic
with respect to the rotor period. Singde relaxation times are usually much longer than
the timescale of MAS, a decay is most likely not observed.

The data processing was done as follows. Afiterriertransformation (FT) along the
direct (F2) dimension, slices corresponding to the signal of intdrase been extracted.
The obtained sideband patterns have been evaluated with A8 to obtain the dipole-
dipole coupling constants. A coupling @ﬁ =22.2 kHz=r ~ 1.1 A is characteristic
for rigid aromatic CH pairs. However, REPT-HDOR is not suitalid generate spin-
ning sideband patterns for multispin systems (e.gp @htd CH; groups). An alternative
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approach is the REREDOR experiment, which generates spisidagands by reconver-
sion rotor encoding. In both cases, the number and intessifi spinning sidebands can
selectively be pumped by the length of the recoupling tintas @epends on the product
of the coupling constant multiplied with the recoupling éisDjs * Trcp. In REREDOR
the mechanism provides only odd sidebands and no center line

REPT-HSQC

The REPT-HSQC experiment is a 2D experiment that correl@imsical shifts of two
different nucleil andSvia the heteronuclear dipole-dipole coupling®fSWAECHTER
01b]. Such spectra are especially useful to assist proggrasents in samples with poor
1H resolution. The intensities of the peaks are determinethéynumber of recoupling
cycles and the strength of thel-13C dipole-dipole coupling.

When both dimensions are rotor synchronized,tth@volution is only caused by the
isotropic chemical shift of thé spins. After Fourier transformation in both dimensions a
heteronuclear correlation spectrum is obtained.
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Fuel cells are considered as environmentally-friendlgraktives to combustion en-
gines using fossil fuels [ERETTE 01]. An electrochemical conversion has the advantage
of minimized emission of green house gas L Oherefore, in our days a wide variety
of principal fuel cell designs such as the polymer electeoipembrane fuel cell (PEM),
direct methanol fuel cell (DMFC), alkaline fuel cell (AFC), géphoric acid fuel cells
(PAFC) as well as the molten carbonate fuel cells (MCFC) are.u3ed to their different
capacities many applications, such as stationary fuelrcplbwer plants or portable cells
integrated in automotives are feasible.

3.1 Polymer electrolyte membrane fuel cell (PEMFC)

One prominent group of fuel cells comprigedymer-€lectrolytemembranduel cells
(PEMFC), where the PEM separates the cathode from the aragepteventing a short
circuit. The first Fuel Cell containing a polyelectrolyte nmaane was already designed
by General Electric in 1959 [GARAU 00]. Even though fuel cells containing proton con-
ducting polyelectrolyte membranes are increasingly useddustry, the understanding
of the proton transport mechanism particularly at moleclgeel is still fairly limited.
Recently, there are three major aims of scientific research:

e molecular basis of proton transport

25
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Figure 3.1: Schematic picture of a PEM fuel cell.

e diffusional motion

e reorganization of the hydrogen bond netwérk

The PEM is permeable to protons, but does not conduct eflegtrhile typical
electrodes are based on carbon. Hydrogen enters the fli@tdbe anode and is split
into protons and electrons. The"Hbermeate through the electrolyte to the cathode. The
power is provided by the electrons which simultaneouslyh® girotons flow along the
external circuit. The oxygen can be supplied simply from Airthe cathode oxygen and
electrons are combined with the hydrogen ions reacting tenva

Anode: 20 — 4AHT +4e”
Cathode: Q+4Ht +4e — 2H,0
Sum: 2B+ 0, — 2H,0

PEMs which are typically used within industry scale applaas consist of perflu-
orinated sulfones e.g. Nafi8h provided by Du Pont since the 1970s. Further commonly
used membranes are sulfonated polysulfones distributeBdoy Chemical Company
and Polyimidazoles by Celanese. These PEMs are widely usedodiheir sufficient
conductivity as well as long-term stability. However, awlback of those membrans is

K REUER96]
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PEMFC | DMFC | AFC PAFC MCFC
Proton conduction H* | CHOH | OH™ | HT(PQ,%) | CO;2
Operating temperature [°C] 80 120 80 | 150—200 650
Efficiency [%] 83 40 60 40 80
CO poisoning + - + - -
Catalyst Pt Pt Pt Pt Ni

Table 3.1: Overview of different fuel cells.
http://www1.eere.energy.gov/hydrogenandfuelcells/fuelcells

that they can only be operated below80 This is due to catalyst poisoning with carbon
monoxide and methanol crossoverHEKUER 07]. Another economic limitation is that
they are based on high cost materials. This major constrqilai@s the limited use of
fuel cells in daily practice, e.g. cell-driven cars and te lrge-scale commercialization.

Technical problems such as CO poisoning and methanol cross may be pre-
vented by operating at elevated temperature in the rangeD@fCt200°C [WINTER
04]. However, this is not practicable with the currently disgstems as they are based
on incorporated water which transports the protons as keehied limits the operating
temperature to 8@ [HEITNER 96].

Therefore, PEMs may work on alternative protonic solventshsas phosphoric acid
(H3PQy) which is most commonly combined witpoly-benzmidazole (PBI) and
provides a good alternative to Naff®nlIt shows sufficiently high conductivity as well as
good thermal stability in the required temperature rang&08fC-200C [KERRES99].
Even though, these materials are produced on an industekbd,deaching of phosphoric
acid from PO, swollen PBI membranes by reaction water is another troubtiage
which has to be controlled [#ENSIO05, XIAO 05].

This, however, is the motivation for scientist all over therld to work to find a
suitable alternative to current design of new PEMs. Consgfydt is essential to
understand the parameters which effect the proton condhyctiThis is an important
milestone that paves the way towards a commercial use otélisl
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3.1.1 Direct methanol fuel cells (DMFC)

This fuel cell is a variation of the PEM fuel cell @.UFER 08]. It uses methanol
directly instead of producing hydrogen of it. Thereforeg tieaction at the anode com-
prises splitting of methanol into GGand hydrogen. They operate at around“X2With
efficiencie$ of around 40%. The major drawbacks are the larger quantjpjedinum cat-
alyst needed leading to significantly higher costs, thetr@aof methanol and the release
of CO, which is considered as a greenhouse gas. In contrast, usant contradicts
the claim of an environmentally-friendly alternative.

3.1.2 Alkaline fuel cells (AFC)

Another modification of the PEM cell ist the AFC f®ECK93]. The design is similar
to that of a PEM cell. Instead of a membrane it uses an aquexbuisos or potassium
hydroxide as electrolyte. Rather thart Hhydroxyl ions (OH") are transported from the
cathode to the anode. There the reaction to water and adsotrecurs. Their working
temperature is around 80 which is the same range as PEMFC and therefore exhibits
similar drawbacks e.g. due to CO poisoning. They are the dsdut also biggest
(size-efficiency) fuel cells limiting widespread applicait

3.1.3 Phosphoric acid fuel cells (PAFC)

As the name implies PA fuel cells are working on phosphorid atectrolytes incor-
porated in a silicone carbide matrix (K1URA 04]. The working temperatures are around
150 to 200C providing a faster reaction rate. This temperature rahgeiacreases the
impurity tolerance for a longer life time. Further advarga@re the simple matrix-solvent
construction, stability and low electrolyte volatilityr@vbacks are requirement of a plat-
inum catalysts on the electrodes to assure reactivity aathtively low efficiency of only

2Efficiency is typically defined as the electrical energy,idiad by the calorific value of the fuel. The
calorific value (CV) is the maximum energy one could obtain from a fuebbyning it. The maximum
amount of electricity that can be gained from the cell is @spnted by the Gibbs energy (G). In a per-
fect system, the efficiency of a fuel cell would decrease withieasing temperature, as the Gibbs energy
decreases with higher temperatures. http://www.worlognerg/
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40%.

3.1.4 Molten carbonate fuel cells (MCFC)

MCFC fuel cells work at high temperature at around €50vhich means that they
are able to generate hydrogen within the fuel cell struc{BrscHoOFF 06]. Further-
more, no CO poisoning is observed, while cheaper cataly&sickel can be used. Such
temperatures, however, are difficult to control in day-&y-@peration which limits the
applicability of those cells. Nevertheless, once heated MIGRow a high efficiency of
up to 80% making them attractive for large-scale indusgniatesses, e.g. in combination
with electricity generating turbines. High temperatures meeded to melt e.g. lithium
potassium carbonates and generate carbonate ions. Thég aehicles from the cathode
to the anode where they react with hydrogen to water, & electrons.
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3.2 Mechanisms of proton transport

In the recent literature, two distinct mechanisms for pnat@nsport are widely dis-
cussed. Either structural diffusion via rapid hydrogemdbreaking and forming or ve-
hicular diffusion of molecules [TCKERMAN 97, AGMON 95, MUNSON 64, KREUER
00]. Still, there is no clear tendency which mechanism deesrthe proton transport
best. In particular, as it is rather difficult to clearly @mgjuish possible contributions of
both mechanisms to the overall proton transport.

Vehicular and structural diffusion of water

Water is an excellent vehicle for proton transport, givenrilatively high self-
diffusion coefficient at room temperature of 2.26° cm?/s. The proton transport does
not involveH ™ as such but rather hydronium ions formed due to self-diasioci of water.
A comparison of cation sizes of different electrolytes watéh measured ion mobility
does not show a linear correlation. In addition to the vehjloperties, water shows a

Cation | Mobility [cm?/Vs] | d[nm]
H+ 3.62-10°3 0.05
NH; 0.763-10°3 0.143
K+ 0.762-10°3 0.138
Nat 0.519-10°3 0.102

Table 3.2: Mobility of cations in aqueous solution and ion diameter.

high structural diffusion. Adding an excess proton to wédeilitates complexes formed
with either two or four water molecules. This are the so caleGEN (HsO5) [EIGEN
64] or ZUNDEL-IONS (HgOj) [ZUNDEL 86]. Comparing the self-diffusion coefficient
of water at room temperature of 2:28~> cn?/s and the proton diffusion of 380>
cm?/s [AGMON 95] it suggests that the excess proton contributes appedgign22% to
the overall conductivity. In literature the movementslef through water moiety are
described by two different ways:

¢ A field-induced water rotation along the lone-pair of the toydum [BERNAL 33].
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e Formation of a static cluster building out a water hydrogetwork [AGMON 95].

The second model assumes that protons can hop along theymolas model is sup-
ported by the proton conductivity in ice which is two ordefsnagnitude higher than
in water. Therefore, structural diffusion is claimed to he tate limiting step in water
proton conductivity. Nevertheless, this result is not gpdiable as a lot of new results
cannot be explained by this model. The first model on the dthed claims that the wa-
ter molecules rotate either freely or through an angle (HH®f 110°C [CONWAY 64].
Taking into account that each water moleculéxsdby four hydrogen bonds in the first
hydration shell with a hydrogen bond strength of 10.9 kJ//MAALRAFEN 86], it seems
quite unlikely, that this represents the rate-limitingostecluding cleavage of a hydrogen
bond. Therefore, it is considered that the second solvaiwl is the place where the
reorganization takes place oN 95, SCHMIDT 05].
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Chapter 4
Phosphonic acid containing ionomers

Poly electrolyte membrane basetuel cells (PEMFC), as described in chapter 3,
are currently in the focus of many research groups. It fagtirdgen based fuel cells
may one day substitute combustion engines working withilfégsls. Recently, two
major approaches which possibly facilitate high tempeeatoperation of fuel cell
membranes have been reported. One attempt is based on tieradfismall proton
carrier molecules to a non-conducting polymer matrix. Taeosd way mainly uses
polymers composed of hydrophobic backbones, containingrdphilic protogenic
side-chains. Hence, such a system would possibly allowehnighoton mobility as a
result of increasing flexibility of the protogenic groupaf®Ison 06].

This chapter discusses a concept which proposes to incgasen mobility by a
self-assembled and preorganized systems suggested bgeXreéal. [IMENEZz 09].
Until now, the major ongoing research focuses on the addibbsmall molecules to
a polymer matrix, as mentioned above. Systems using smdikamles for proton
conduction are so far fullerene and zwitterion baseiNpbkumMA 01, YAMADA O05].
Therefore, itis of interest to investigate organic moleswf different geometrical shapes
to reveal the effects of different organizations. The foruthis chapter is to compare
the microscopic information obtained by NMR about mobikiyd local order with the
macroscopic conductivity obtained by impedance speabtfmsc

The analyzed molecules combine a hydrophobic aromatic tyn@ed hydrophilic

35
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Figure 4.1 IUPAC Abbreviation
a 1,4-Bisfp-phosphonatophenyl)benzene Line
b 1,3,5-Tris(4-phosphonatophenyl)benzene Triangle
c 1,3,5-Tris[phenyl-2-¢-phosphonatophenyl)]benzene Screw
d Tetrakis-1,3,5,7-(4-phosphonatophenyl)adamantafetrahedron
e 1,2,4,5-Tetrakig{-phosphonatophenyl)benzene Square
f Hexaquis(4-phosphonatophenyl)benzene Hexagon

Table 4.1: Abbreviations for the different ionomer geometrical shapes.

phosphonic acid (PA) groups. This particular acidic groas been suggested to be
a good protogenic group for intrinsically conducting seyar materials, since its
amphoteric property is in the adequate regimeH8sTERO05]. The different chemical
structures are sketched in Figure 4.1. Indeed, the drawntates do reflect neither the
three dimensional structures nor their geometrical shapehamight look quite different
due to repulsion forces. The compounds were provided bynheédez Garcia JMENEZ
09] from the group of Prof. K. Millen at the MPIP. For clarityet nomenclature of the
molecules described in this work reflects the intended gétrakshape as described in
Table 4.1.

In this work the results are often compared to poly(vinyl gtwonic acid) (PVPA) which
is considered as a model system for proton-conducting incaspgdtonic-acid-tethered
polymer. In particular, the structure contains a high coiregion of acid groups and
adopts a highly disordered structure. In the case of PVPAyipus studies using
solid-state NMR methods likeH double-quantum (DQ) and variable-temperature (VT)
MAS NMR experiments showed that P-OH protons are rather imamd contribute
to the proton conductivity. In VEH and 3P MAS NMR experiments the resonance
corresponding to the PA does not change the chemical shift.adtivation energy of
65 kJ/mol can be calculated from impedance spectroscopis VElue by far exceeds
the activation energy calculated froll MAS NMR line width studies with 25 kJ/mol,
reflecting proton mobility rather than proton conductijityee 07a].

In general, water is incorporated in the PVPA as bulk watadicated by sharp
signals at 5 ppm in théH MAS NMR spectra, which is comparable to Nafion
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[ScHAUFF 07]. Clearly, the presence of water has a huge effect on thenadxs$ bulk
proton conductivity of PVPA which under anhydrous conditiccan reach 16 S/cm

at 150C under 1 bar relative humidity (RH). Apart from a vehicularainanism, water
can also patrticipate in the proton transport by R0OGTHUSStype mechanism, where
protons are transferred between neighboring PA sites. Basétte'H chemical shift an
approximate ratio of water molecules to PA groups in the PYPA(H20) /n(POsH,)=

1 is found [KALTBEITZEL 07]. This amount of water is sufficient to increase the bulk
proton conductivity by orders of magnitude. This chaptdt discuss the bulk proton
conductivity of the different geometrical shapes. This lenpents the influence of
incorporated water, crystallinity, and structural featiof the samples.
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Figure 4.1: Different structures of ionomers with the geometrical shape of
a)LINE b) TRIANGLE C) SCREWd) TETRAHEDRONE) SQUARET) HEXAGON.
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4.1 Bulk proton conductivity

This study was performed to probe similar molecules baseahcsromatic benzene
moiety with a defined number of PA attached to the moiety. knswn that the proton
conductivity to a great extent depends on the relative PAerdrof the single molecule
[STEININGER 07]. Since the PA amount is obtained by varying the numberdemgity
of PA groups, different geometric structures were implet@eénConsequently, different
assemblies of the molecules and local orientation of thel@dgs are expected.

Since these samples should work as proton conducting meesyrat is important

to measure the bulk proton conductivity. Bulk proton condlityt data of all samples
were provided by A. Kaltbeitzel using dielectric spectm®g covering a frequency
range of 101 —10°% Hz. Evaluation was performed using aBE plot where proton
conductivity [S/cm] is plotted against frequenay)([Hz]. Each measurement shows
a plateau where the AC conductivity is independent of thgueacy. This value is
extrapolated againgb = 0 which represents the DC conductivity at the respective
temperature. Typically, these plots show either a positiiva negative slope due to a
temperature dependent conductivity. For possible agpmican fuel cell membranes,
bulk proton conductivities better or equal tharm $®/cm were considered reasonable.

The bulk proton conductivities of the different geometrgl@apes under dry nitrogen flux
are plotted in Figure 4.2. The measured temperatures rathge #om 20 or 50C up to
160°C. Notably, within this temperature range all ionomers shaovegative slope which
indicates a higher conductivity at higher temperaturestei®fa negative dependency
is observed for anhydrous proton conductoraRAYANAN 06]. By comparing these
results, the measured values of the ionomers are dividedtiimee groups. All three
reveal an insulator-like conductivity below 19S/cm. At 160C LINE and TETRAHE-
DRON show the lowest conductivity in the range of 708/cm and theSCREW, SQUARE,
and TRIANGLE of 10~® S/cm falls in the middle. The most promising sample is the
HEXAGON which reaches value of nearly 10S/cm at 160C.

In the dry state both the amount and density of PA in the sangplexpected to
strongly affect the conductivity. To obtain the PA densihg ratio between the mass of
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Figure 4.2: Proton conductivity obtained by impedance spectroscopy under dngeitréiow
(second heating). The activation energi&z)(of all geometrical shape are listed
in Table 4.2.

PA and the aromatic moieties was compared. The calculagiexemplarily shown for
the HEXAGON:
Ma(PA) 6 Mn(PA) _ 486g/mol
Mn(Moiety) Mp(6 Ph(4H)+1Ph(OH) 528g/mol
The highest ratio was found for th@&EXAGON. By comparing these values with the

0.92 (4.1)

conductivity at dry conditions, it has been observed thatahsolute value of the bulk
conductivity decreases with a decreasing PA to moiety rafime only exception is the
SCREWWith an extremely small mass ratio of 0.46, but showing a éigtonductivity
than e.g., theINE with 0.71. In contrast, theCREW, which contains three PA groups, the
same number as tHeRIANGLE (mass ratio: 0.80), shows both a lower conductivity and
a lower mass ratio. These results strongly suggests a dependf proton conductivity
on the combination of PA number and density in the moiety.

It is known that the proton conductivity not also depends emgerature but also
on the relative humidity (RH) [SHUSTER 05]. Especially, PA containing samples
are known to suffer from condensation which can be prevebtedonducting the
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measurements in humid environment. Therefore, the samytese equilibrated at a
defined RH and measured as described in the Appendix chaptert BheAonditions
of high RH, bulk proton conductivity below 10Q was not accessible due to technical
limitations. Consequently, the obtained data reflect thepgature range from 110 to
180°C.
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Figure 4.3: Proton conductivity obtained by impedance spectroscopy at 1 barexaifftempera-
tures and their different relative humidities (RH). Effective bulk protonductivities
at 140 are listed in Table 4.2. EXAGON [JIMENEZ 09]

Notably, within the chosen temperature range, the condticincreases by one to two
orders of magnitude depending on the sample. Again, the Isangpe divided into
different groups: theINE, TETRAHEDRON, SCREW, and thesQUAREreveal an insulator
like conductivity below 102 S/cm. The second group includes the most promising
samples, namely, thERIANGLE and theHEXAGON. Their conductivity of 5.50 and
2.7810°° S/cm respectively, are comparable to Naffon Thus, it can be expected
that the content of water plays an important role in the prdtansport mechanism.
Nevertheless, all group members contain similar chemicahpounds and display
different conductivity behavior. The highest jump from doyhumid bulk conductivity is
observed for th@RIANGLE. This suggests a high amount of water incorporated into the
system and possibly also explain the difficulty to perform ithpedance spectroscopy in
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humid conditions due to solving. The water uptake curve shibat, e.g., theINE does
not absorb much water, while thEXAGON absorbs an equivalent ef3 H,O molecules
per 6 PQH> units at 100% RH.

The proton bulk conductivity at humid conditions causetedénces in the slope behavior
of the different geometrical shapes. ThBIANGLE shows the highest conductivity,
which is slightly better than theexAGON followed by theTETRAHEDRON Similarity

to the dry measurements is found in thele showing the lowest bulk conductivity of
all geometrical shapes. The most striking behavior is showthe SCREW. In the first
temperature range up to 120D with increasing temperature the conductivity drops as
commonly observed in vehicle-based proton conductorsNiéiorf® [AFFOUNE 05].
This trend is inverted at 12C and the slope changes its sign from negative to positive.
This behavior suggests a change in the proton transporegrep from the vehicle to a
GROTTHUSStype mechanism. Since this effect is reversible and repibde it should

be accompanied by a temperature dependent morphologiaagehn the sample. The
only sample which behaves as one would expect for a watedlsystem is th&QUARE
where the conductivity decreases with increasing temperatimilar to Nafioff. A
closer look on the ionomers proton conductivity reveals tha data for theRIANGLE,
HEXAGON, TETRAHEDRON, andLINE are apparently temperature independent, at least
within the observed temperature range. This rather unéggdxehavior rises once more
the question what might happen on the molecular scale. lergénthis behavior is
not commonly observed since a thermal activation for pratonduction is expected,
e.g., for an ARRHENIUS type of activation this would lead to a positive slope. In
contrast, Nafio® has a negative temperature dependency, as plotted in RIgir@his
can often be observed in systems where the proton transpdw@sed on the vehicle
mechanism e.g., by utilizing free water moleculesf&UNE 05]. A constant behavior
at changing temperature has to be due to the microscopiclsargperties. Either the
protogenic group has a very low activation energy, or thedootivity is based on the
presence of small molecules in the sample. In both caseghehiemperature would
not necessarily lead to a higher conductivity. The protaggnoup is the same in all
ionomers. Since, the PA is known to show a thermal dependérapargument of the
low activation energy of the protogenic group can be ruletd @n the other hand, it

is known from the literature that different factors existigfhmay cause a temperature
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independent slope behavior based on the presence of smbdtutes. The proton
conductivity of, e.g., imidazole-based systems have beeestigated with increasing
immobilization, ranging from the monomer REUER 98] via oligomers [BRRSON
03] to fully polymeric systems [HRz 03, RADEV 08]. All these publications include
materials with negative slopes but a flattening with indregsobility. This might also
be the case for the investigated systems here, where theporated water molecules
increase the proton mobility, e.g., in tlhEXAGON. Another investigation shows that
in imidazole-based oligomers doped with a high concemtnatif charge carriers, such
as triflic acid, show a tendency to be temperature indepen@aHUSTER 01]. In
oligomeric systems like octanephosphonic acid, a flatgeofrthe proton conductivity is
found as a result of exposing the sample to a humid atmosp8ereusTERO05]. This
tendency can additionally be followed in sulfonated palyée ether ketone) (S(PEEK)),
which were measured as a function of water content addece todlymer [KREUER04].
All these results support the idea that the proton trangpothe investigated samples, in
particular in theHEXAGON most probably depends on the incorporated, highly mobile
water molecules which exchange there protons with thos@ olpporting the diffusion
mechanism based on the PA. This is studied in the followiraptdrs.
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4.2 NMR characterization of the hydrogen bonds in the

ijonomers

For characterization of chemical compounds typically iligstatenuclearmagnetic
resonance (NMR) is used. This has been done for all geomeshegles and compared
with solid-state NMR spectra. Differences between them neagal information about
the solid state arrangement4ls 02]. Since the chemical shifts in the solid state are not
averaged isotropically they in principle contain inforioatabout the sample orientation.
Thus, solid-statemagic angle spinning (MAS) NMR spectra often show rather broad
spectra compared to the liquid case due to the differenceientations presents in a
powder sample. On the other hand, signals which might notresept in the liquid,
due to fast exchange, i.e. hydrogen bonds, can be detedaieahalyzed [RUNNER 98,
DENSMOREOS5]. This additional information usually is not detectalni¢he liquid state
due to the high dissolution or concurrent interaction witl solvent. The investigation
of hydrogen bonds and their ability to form a network in supipg proton conduction
is the aim in this study. All samples have been obtained thiréiom synthesis, dried
under vacuum for at least two days a0 except thesQUARE, which was annealed 1
hour at 110C. Further experimental details about measurement methiedgwen in the
Appendix chapter B.

From theH MAS NMR spectra information about the hydrogen bond stiieraye
extracted using the chemical shiffi,) of the resonance. A correlation between the
proton diso and the strength of the hydrogen bonding was reported byiHatral.
Since the hydrogen bond strength depends on distancesdretwggens participating
in hydrogen bonds it will also affect the chemical shiftARRIS 88]. For example,
IH chemical shifts of 10-17 ppm were reported for different &taining materials,
including benzene phosphonic acid. It was claimed that lloeter the O- -O distance
the higher the chemical shift. By analogy, a chemical shif.8fppm for the PA signal
indicates a rather moderate hydrogen bond strengie YF04] between PA groups of
the HEXAGON and a relative large distance between them, see spectrura bottom in
Figure 4.4. It is also probable that the PA groups of the ioai@fiorm hydrogen bonds
with residual or incorporated water contained in the systdiaking into account that
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Figure 4.4: Comparison ofH MAS NMR spectra recorded at 30 kHz spinning (700.1 MHz, 16.4
T) for the different geometrical shapes at ambient conditions. Plottedthe top to
the bottom with increasing number of PA.
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liquid water itself gives rise to a resonance at 4.8 ppm, awahshift towards lower
frequencies is predicted when the content of the water as&® This is a result of
the fast proton exchange between the PA and the water whetages thes, to an
averaged value. A resonance representing a highly ordeatst Wwased hydrogen bonded
network is "standard" ice where the chemical shift in i MAS NMR spectrum is
approximately at 5.8 ppm [Rm 79, FFROMMER 00].

High-resolutiontH MAS NMR is a versatile tool to reveal information about samiolec-
ular interactions, such as hydrogen bonding{BvN 07]. Since the proton chemical shift
value is highly sensitive to structural changes, it canldisphe strength of bonds and
dynamics in the system. In particular, increasing hydrolgends strength is observed
as the proton resonance frequency of the PA is shifted tavimder field [HARRIS
89, GERvAIS 04]. Tentatively, one would expect similar NMR spectra frsamples
as they contain the same functional group added to the simitgety. Therefore, it is
of interest to compare the chemical shift of the correspaydRA signals for different
geometrical shapes, as illustrated in Figure 4.4. The PAnasces range from 8.5 ppm
to 12.3 ppm reflecting a wide spread of different hydrogendsostrength. The PA
resonances of theINE represent the highest chemical shift. Additionally, it wisoa
relative broad line width of approximately 1800 Hz (4 ppm)npared to theSQUARE
with 675 Hz (1.5 ppm), indicating that the PAs in thR@UARE are organized in a better
ordered microstructure. In general, the chemical shifgiag from 8.5 to 12.3 ppm
for the PA signal indicate rather moderate hydrogen borehgth [FREY 04] between
PA groups. Especially, the smal, values could also represent fast proton exchange
between the PA and incorporated water which results in aragee resonance between
the extremities.
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ilonomers

4.3.1 Proton mobility revealed by'H DQ MAS NMR

In principle, local proton mobility represents a major citioth for enabling sufficient
bulk proton conductivity. Insights into the proton dynamaf rather dry PEM materials
were obtained from both DQ and VBlH MAS NMR experiments. A DQ signal is lost
due to efficient averaging dH dipolar couplings and can only be observed if the two in-
volved protons are located within an appropriate distaoeath other. Using the shortest
recoupling time of one rotor period, distances up to 3.5 Amanbserved [SHNELL 01].

a)

16 14 12 10 8 6 4 20

Figure 4.5: Comparison of théH (solid line) and*H DQF (dashed line) MAS NMR spectra
recorded using a spinning frequency of 29762 Hz (700.1 MHz, 16.4T)
a) HEXAGON recorded at -8C (black) and 127C (dark grey) and b)IRIANGLE
recorded at -8C (black) and 108C (dark grey).

The signal intensity decreases with increasing distanagott#er reason for decreasing
signal intensity is higher molecular motion. Above the glésmperature (J) the line
narrowing are attributed to a reduction of dipolar coupldwe to faster motion. This
leads to a complete loss of the hydrogen-bonded proton aesenand a significantly
reduced intensity of the aromatic protons. The higher theility of a proton the less
intense the signal which is detected after the DQ filter. lraately, all of the investigated
structures show in the DSC graph the absence of a glasstibansihus, all changes in
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w2 10 8 6 YR 14 12 10 8 6 4
Ppm ppm
Figure 4.6: Comparison of théH (solid line) and*H DQF (dashed line) MAS NMR spectra
recorded using a spinning frequency of 29762 Hz (700.1 MHz, 16.4T)
a) LINE recorded at 5%C and b)sQuARErecorded at 10&C.

the IH DQF signals are related to mobility changes or relaxatibine 'H andH DQF
spectra at different temperature are compared USEYPGON and TRIANGLE as exam-
ples, see Figure 4.5.

All ionomers are in the solid state in the observed tempegatange. Thus, information
about the proton mobility are revealed by comparing tHeand*H DQF MAS NMR
spectra at the same temperatutél MAS and DQF spectra were recorded at selected
temperatures between°® and 127C. In the spectrum in Figure 4.5a and b one can
observe that the aromatic protons signal intensity remalagively constant, but there
is a decrease in signal intensity of the PA correspondingnasce. Since th&H DQF
spectra only includes the rigid protons present in the sarti@ signal loss of the PA
is an indication of highly mobile PA protons. The decreassighal intensity becomes
more pronounced at higher temperatures. Thus, by incigésentemperature from <€
to 127C the signal loss in th®EXAGON increases from 10% to 98%, calculated by
Ioo__.100%. TheTRIANGLE shows a similar behavior with 13% of PA signal left at

Isinglepulse

low temperatures to nearly a 100% signal loss. In additiba,domplete signal loss is

reached already at a lower temperature of°f8ThesCcREwWshows an increase of mo-
bility from 7% to 95% at 127C and thesQUAREfrom 12% to 97% at 90C. TheLINE,

is the sample with the most immobile protons, showing a gégé loss of 1% at both
RT and high temperatures, see Figure 4.6a. The signal ladbe DETRAHEDRON cannot
be calculated since the overlap of the PA signal with the atansignal is to server to
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deconvolute the spectra reasonable.

4.3.2 Variable temperature!H MAS NMR experiments

IH MAS NMR measurements performed at variable temperatwdg provide
detailed information on local molecular mobility and dyrnamrocesses present in the
sample in question. In most cases, such local molecularndigsdead to characteristic
line broadening or narrowing, sometimes associated withifacf the line. In particular,
line narrowing at higher temperatures coincides with a gkan line shape from a broad
Gaussian to a narrowdRENTZIAN line [AKBEY 09]. Such changes can also be observed
in the VT 'H MAS NMR spectra of the presented geometrical shapes, wustrilted in
Figures 4.7, 4.8, and 4.9. However, some of these sampl&s alsomewhat different

a)

> . >
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Figure 4.7: VT 'H MAS NMR spectra at 30 kHz spinning (700.1 MHz, 16.4 T) measured at
raising temperatures from bottom to top starting with -6 to°Q3th ~ 10°C steps.
a) HEXAGON b) SCREW

behavior. A significant continuous decrease in line widthijlevraising the temperature
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is characteristic for proton mobility [SHUSTERO5, YE 06]. Indeed, some of the stack
VT plots show this kind of behavior. TheEXAGON, the SCREW, the TRIANGLE, and
the TETRAHEDRON show a rather strong effect on the temperature, c.f. Figufeadd
4.8. TheHEXAGON and thesCcREW show a complex temperature dependency for the
1H signal assigned to the hydrogen bonded protons. In additidine narrowing, a
change of the chemical shift can also be observed for the &Jkgor both theHEXAGON
and thescrREw, c.f. Figure 4.7a and b. Thgd MAS NMR spectrum of thedEXAGON

, as seen in Figure 4.7a, shows a broad distribution of eiffiefH PA sites at -6C.
Around 26C the chemical shift of theiEXAGON shifts 2 ppm towards higher field
from 12 to 10 ppm. A further increase of the temperature l¢ads narrowing of the
signal. At higher temperatures two signals originatingrférydrogen bonds are observed
with the minor one located at 8.5 ppm, as seen in Figure 4idlat @rey arrow). This
observation supports the assumption of a microstructumsisting of different sites with

a minor compound 0£5% quantified by deconvolution. TH&l MAS NMR spectra of
the SCREW, shown in Figure 4.7b, on the other hand display two relbtitaeoad peaks

at -6°C, while there is just one hydrogen bond attributed signaligittidr temperatures.
This behavior is commonly known and can be explained by arageel equilibrium of
different sites [@WARD 02]. In the VTIH MAS NMR stack of thescREwa change

of the chemical shift from 13 to 11 ppm is observed. Here, thalification is rather

a stepwise transition in the temperature range from 26 t&C46ee Figure 4.7b. This
observation has already been reported for poly (vinyl tli@gderivates (PVTz) [KBEY

09]. In contrast to PV Tz, thecREwdoes not impose a continues shift toward lower ppm
values. In the PVTz most of those characteristics are exgthby a chemical exchange
processes between the NHN hydrogen bonded and the non-hydrogen bonded states.
Thus, in analogy thesCREw might also reflect a formation and breaking of hydrogen
bonds. A further difference to thecrRewis that PVTz shows the described change of
the chemical shift at thegl

Rather constantH MAS NMR line widths suggest an absence of fast mobility
on the NMR timescale. This behavior is anticipated in theeaafstheLINE, see stack
plot in Figure 4.9a, which is based on the results obtainech fiH DQF MAS NMR in
subsection 4.3.1. Unlike in the case of th&E, the rather constant line width observed
in the SQUARE is unexpected, since thtH DQF MAS NMR spectra reflect a high
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Figure 4.8: IH NMR spectra at 30 kHz MAS and 700.1 MHz variable temperature measateme
from -6 to 136C in ~ 10°C steps
a) TRIANGLE b) TETRAHEDRON

mobility of the PAs, see Figure 4.9b.

The overall change of the PA corresponding resonance fof #ik investigated ionomers
can more easily be compared in th@ RHENIUStype plot, shown in Figure 4.10. Here,
the slopes of the INE and theSQUARE superimpose, suggesting similar mobilities of
the PA which contradicts the DQF results of thROUARE in subsection 4.3.1. Thus,
the signal loss in théH DQF MAS NMR spectra of thesQUARE has to be related to
an additional structural feature, e.g. a distance of the igfds than 3.5 A. In general,
however, the low local mobility of theINE and theSQUARE s in good agreement with
the low bulk conductivity.

Intuitively one would assume that higher activation eresgare found for protons
among strongly hydrogen bonded positions. However, in cag$eA-containing poly-
mers, such a simple relation of hydrogen-bond strengthédamal proton mobility was
not observed [BUNKLAUS 09]. A comparison of the appareli derived from VT
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Figure 4.9: VT 'H MAS NMR spectra at 30 kHz spinning (700.1 MHz, 16.4 T) measured at
raising temperatures from bottom to top starting with 46 to°C3i ~ 10°C steps.
a) LINE b) SQUARE

IH MAS NMR of the ionomers reveals two different classes, sasd4.2.

Geometrical shape 8iso(*H)pa | EA(NMR) | Ea(IS) Obc
[ppm] [kd/mol] | [kd/mol] | [S/cm] 140C

Linear 12.3 2.1 30.7 1.33-10°6
Triangle 11.0 17.7 29.5 5.3.10°3
Screw 10.6 18.5 28.5 9.62-10°°
Tetrahedron 8.5 4.2 37.6 1.13-104
Square* 10.6 2.5 31.0 1.08-10°°
Hexagon 9.9 15.2 27.7 2.78-10°3

Table 4.2: Comparison of the chemical shift for the hydrogen bonded protons witadination
energy obtained by VH MAS NMR and impedance spectroscopy (IS), including the
DC conductivity of the samples at 14D (* - After annealing)

The first, comprising the INE, TETRAHEDRON, and SQUARE, showEp values lower
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than 5 kJ/mol indicative of a rotational or tumbling motidfor the remaining structures
TRIANGLE, SCREW, and HEXAGON, Ea values around 15-18 kJ/mol were obtained.
Since activation energies of temperature-activated matiprocesses involving hydrogen
bonds are generally in the range of 120 kJ/mobj&RD 02], the obtained apparent
activation energies cannot be attributed to a single thiyraativated process. Notably,
in rather ideal cases, where the NMR data reflect the protomonsresponsible for
observable bulk proton conductivity, tfi& obtained from both the VEH MAS NMR
and IS are similar [¥¥ 06]. In the IS measurements all geometrical shapes show an
Ea of roughly 3Gt5 kJ/mol at dry conditions except for thETRAHEDRON with 37.6
kJ/mol. These values are rather small compared to PVPA \gitkuimol [BINGOEL 06].
This deviation of the measurdg indicates an overlap of different contributing sites
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Figure 4.10: The ARRHENIUSplot shows the change in line width again the inverse temperature.
From the slope thEa is extracted shown exemplarily for theNe, TETRAHEDRON,
TRIANGLE, andscREW. Samples with IowEa LINE, TETRAHEDRONaNdSQUARE
and with highEa TRIANGLE, SCREW, andHEXAGON The obtainedza of all geo-
metrical shape are listed in Table 4.2.

averaging to a rather small absolute value. The "impurit@esbed in the VI'H MAS
NMR spectra of theHEXAGON, indicated by the grey arrow in Figure 4.7a, could be
one site with a different dynamics affecting the oveill both in NMR and IS. This
different resonance might be due to a PA-water interactdsp found in the case of



54

Chapter 4. Phosphonic acid containing ionomers

PVPA [KALTBEITZEL 07].

The apparenEp of the TRIANGLE, SCREW, and HEXAGON observed in NMR are
roughly 10 kJ/mol smaller compared to IS values. The disumep between the two
measurements is attributed to the fact that the conductiata represent charge transport
on a macroscopicscale, while NMR detects the proton mobility onnaicroscopic
scale. Local proton mobilities, however, include diffearégypes of motions which not
necessarily contribute to the long-range proton transgwat facilitates bulk proton
conductivity.

Additionally, it has to be considered, that the condugtigitale discussed in impedance
spectroscopy is based on alggcale while the mobility in VI*H MAS NMR is plotted
against the In. Therefore, comparing two samples in IS wdlifarence of two orders of
magnitude is more pronounced than it is in the NMR plot. Ti®moers show a variation
of absolute values and apparent activation energies tirggédom the VT*H MAS NMR
experiments in the range of two orders of magnitude. At thmesaonditions there is
a difference of several orders of magnitude in IS exceediiegNMR data. Thus, the
different proton conductivities obtained by IS cannot hglaited to the difference in PA
mobility.

Nevertheless, the activation energies obtained from the!'MTMAS NMR experi-
ments contain information about the local mobility. In Figuw.10 the slopes of the
different geometrical shapes are compared. An interesisggct is that some of the
samples show almost identical slopes for the same absdaiuesvin line width and this
even considering that the PA signal is located at differéretingical shifts. In this very
case it seems that there is no linear dependency betweerydnegen bond strength
and theEn results [SEININGER 07]. Hence, one has to be careful when correlaiag
values with the chemical shift of the PA.
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4.3.3 Comparison of macroscopic and microscopic conductivity

The previous NMR studies discussed in this section morakcalldynamic processes
of the PA groups which contribute to anhydrous proton cotidnc However,macro-
scopictransport leading to high proton bulk conductivity, has iaddal requirements
on the microscopiclength scale. Thus, extrapolation from local processegsstc
ble by spectroscopic NMR methods toacroscopictransport is not straightforward
[AKBEY 09].

When analyzing the activation energies obtained from ¥ MAS NMR one has
to keep on mind, that such values may reflect several cotitigpmotions and it is not
clear whether or not this method show the actgl For proton conduction based on a
single thermally activated process Bp in a range of 20-40 kJ/mol [¥ 06] is found.
Furthermore, these results showed that within the workermgperature range, small
values most likely represent an overlap of two or more preegsThis could explain the
rather smalEp values for thedEXAGON andTRIANGLE, showing high bulk conductivity.
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4.3.4 Water uptake behavior of theHEXAGON

It is known from the bulk conductivity data, discussed intgst 4.1, that water
strongly affects the conductivity of all geometrical stres. Since thelEXAGON shows
a fairly high conductivity of nearly 30~2 S/cm it is of particular interest to investigate
this in more detail. The water uptake curve of HEXAGON is shown in Figure 4.11. The
adsorbtion and desorption are plotted against the relativeidity (RH). The procedure
was as follows, the sample was stored two days at different itHlzen weighted using
a microbalance. The graph displays a hysteresis betweearhdid® and desorption
indicating that the water release is hindered which is ofteserved in hydrates [\BELL
36]. To reveal the origin of this mechanism, variable terapge (VT) experiments of
1H and3P MAS NMR experiments under different RH were studied.
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Figure 4.11: Water uptake graph of theEXxaGoN: Water adsorption full diamonds and desorp-
tion open diamonds isotherms as function of RH [%] with n1/n2 indicating number
of water molecules pefEXAGON [JIMENEZ 09]

By comparison of the differeritH MAS NMR spectra in Figure 4.12a, one can observe
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that the amount of water present in the sample, changes theical shift of the
hydrogen bonded PA. This plot 8H MAS NMR spectra shows from top to bottom first
a dried sample (light grey) which than has been stored un@e¥1RH (dark grey) and
finally dried again (black). In Figure 4.12a one can see tiattl MAS NMR spectrum
depends critically on the sample history since the rele&sgater after exposing it at
100% RH is inhibited. This, is in agreement with the water keteurve, shown in Figure
4.11. The freshly obtained and subsequently dried samplsshelatively broad lines,
where the isotropic chemical shifts at higher temperatuoges slightly towards lower
frequency, as already discussed in subsection 4.3.2. Affteing the sample at 100%
RH it becomes waxy indicating water adsorption and possiidgriporation of water. As
expected, the water has a strong influence on the Hdtand 3P MAS NMR spectra
[JIANG 08]. It was observed, that the PA resonance inthé1AS NMR spectrum of the
dried HEXAGON is located at 10.0 ppm and upon water uptake shifts towa@ip@n.
Additionally, the dried sample shows two relatively broazhks located at 6.5 and 5.4
ppm. The presence of these signals support the assumptiooref possible PA-water
interaction sites in the sample. Notable, for "wet" PVPg(*H) of 6.5 ppm was also
observed and assigned to a PA-water interaction, whileigmakat 5.4 ppm may reflect
water-water interaction.

Figure 4.12b shows thé!P MAS NMR spectra of theHEXAGON treated in the
same manner as tHél MAS NMR spectra mentioned above. Here, P line width
depends on the amount of water as a result of the higher ryolilie to incorporated
water molecules. In addition, the signal at 18 ppm shows i&tisgl when the sample
has been exposed to 100% RH, supporting the presence ofctig¥n sites in the
bulk. Hence, if the line width also reflects the variation dfedent sites present in the
bulk, the water also affect the PA surroundings, e.g. dffierhydration shells. The
black 3P MAS NMR spectrum of thelEXAGON shown at the bottom of Figure 4.12b
displays a line width even smaller than in the "wet" state arshallerd;so values. This
observation suggests that higher chemical shifts mightespond to PA which do not
interact with a water molecule. In literature, a chemicédftsinange due to water uptake
has been reported for PVPA (TBEITZEL 07]. Here, calculations have been done
leading to a linear relation between the observed protomata shift and the fraction
of protons origiating from water. For PVPA a shift of appnmately 1 ppm, as found
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a) b)
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Figure 4.12: Comparison of the effect of RH on theexAGoN. a) 'H MAS NMR spectra
recorded at 30 kHz spinning (700.2 MHz, 16.4 T) from the top: freshijaimed
sample at 51 and 12T (light grey), stored at 100% RH 51 and 2a8(dark grey),
and stored at 100% RH and dried at 16Qunder nitrogen flux at 5T (black).

b) 3P MAS NMR spectra recorded at 15 kHz spinning (283.2 MHz, 16.7 Tynfro
the top: freshly obtained sample at 41 and°X18ight grey), stored at ambient con-
ditions at 33 and 11Z (grey), stored at 100% RH 27 and 2@5(dark grey), and
stored at 100% RH and dried at 2 hours AGQnder nitrogen flux at 2T (black).

in the HEXAGON would represent the absorbtion of one water molecule fon &4c In
agreement to th8'P data th¢H MAS NMR spectrum of theiEXAGON shows a signal
as a result of sample exposure to water located at 6.5 ppra.signal does not disappear
after drying the sample at 190 up to 1 day implementing an irreversibility of distinct
incorporated water molecules.

The VT 'H MAS NMR experiments of theiEXAGON stored at 100% RH , as shown
in Figure 4.13a, again indicate a drastic influence of thenmarated water on the PA
groups. By heating the sample, the change in the signalsemalfast exchange between
the different sites. The resonance at 8.2 ppm first movesrtss@.4 ppm before it
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Figure 4.13: VT experiment of theHEXAGON after the sample has been stored at 100% RH a)
H MAS NMR spectra recorded at 30 kHz spinning (700.2 MHz, 16.4 T) ima te
perature range starting from the bottom at 51 to°TDB steps of~ 10°C.

b) 3P MAS NMR spectra recorded at 15 kHz spinning (283.2 MHz, 16.4 T) in a
temperature range starting from the bottom at 28 t6’C0iA steps of~ 10°C.

finally returns to the original ppm value at @ and remains unaffected by the cooling
afterwards. The signal at 6.5 ppm decreases, while shiftirgy3 ppm and vanishes at
91°C. After cooling the sample it is detected again, howevem aismaller line width
than before. This value is very close to the value of 5.8 ppntte hydrogen bonds
obtained in ice [RIIM 79, FFROMMER 00], suggesting that this signal represent the
incorporated water molecules located in a strong hydrogam lmetwork which are
in a fast exchange with other water sites at higher temp@&situThe intensity of the
resonance at 5.5 ppm first decreases with increasing tetapefaefore it splits into two
sharp peaks located at 5.4 and 5.2 ppm. These peaks comtwrenmvery sharp peak
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at 5.1 ppm most probably corresponding to bulk water sinstaits stable after cooling.
Moreover, two additional sharp peaks at 7.5 and 7.2 ppm siaappear at 75C. At
108°C a signal at 9.9 ppm grows and remains after cooling. Thiznasce has the same
chemical shift as the PA hydrogen bond signal in the freshpéam
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Figure 4.14: a)VT 1H MAS NMR spectra of theiEXAGON recorded at 30 kHz spinning (700.2
MHz, 16.4 T) measurement from the bottom to the top starting at 51°CLBBsteps
of ~ 10°C stored at ambient conditions.
b) In the ARRHENIUSPIot the line width of the two PA signals at 10.1 ppm and 11.3
ppm are plotted against the inverse temperature. Bhealues are obtained from
linear plotting 13.5 kJ/mol (10.1 ppm) and 23.0 kJ/mol (11.3 ppm).

The observations in the VIH MAS NMR spectra of the1EXAGON given above might
correspond to a change in the structure where water exchatggposition relative to
the PA. After drying the sample, see spectrum at the bottoRigare 4.12a, water sur-
rounded by other water molecules is released while the kagréa5 ppm corresponding
to the incorporated water stays. In addition, the peak apPr@ broadens and shifts
towards lower field indicating that the amount of water iredircontact to PA decreases.
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In the VT 3P MAS NMR spectra of theiEXAGON an averaging of thélP sites is
observed, shown in Figure 4.12b. In the beginning seveed spread between 16 and 20
ppm are observed. When heating the sample, three major resssiamerge at 19, 18,
and 17 ppm. This observation reflects an averaging of the Pasinexchange at higher
temperature.

An additional matter of interest is how theEXAGON interact with water when it
is kept at ambient conditions over a long period. Since thiemagptake curve shows no
adsorption up to 43% RH a drastic change as observed in FigLBa 4s not expected.
Nevertheless, water from air interacts with the substanaelong time scale as indicated
by the'H MAS NMR experiment of the sample stored at ambient conattiover half
a year (Figure 4.14a). The resonance corresponding to thgré¥ps indicates a slight
narrowing and a better resolution of the different PA sitethe'H MAS NMR spectrum
of the HEXAGON. This renders possible to deconvolute the different PAagand to
obtain their differentEp, see Figure 4.14b. TheRRHENIUStype plot reveals that the
two different hydrogen bonds have differdfy, supporting the assumption that the values
compared in section 4.1 represent appakntin the case of thelEXAGON, the higher

Oiso Value at 11.3 ppm hdsa of 23.0 kd/mol, 10 kJ/mol higher than the peak at 10.1 ppm.

This is consistent with the fact that hight&¢, involve stronger hydrogen bonds and thus,
higher theE are needed to break it FEY 01, LEE 07a]. Thus, comparing the results of
the HEXAGON with the findings from PVPA, the signal located at lovdgg (10.1 ppm)
would represent a PA which has attached a water moleculég i@ resonance at higher
diso (11.3 ppm) would be the PA hydrogen bonded protons which lbawater in its
surroundings. In contrast to the PVPA, thexAGoN *H MAS NMR spectrum shows
both species coexisting. The ratio between both resonasaamstant at 1:1 over the
measured temperature range consistent with QG Water molecules each PA.
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4.3.5 Deuteron NMR of theHEXAGON

Since solid-statéH MAS NMR spectroscopy often does not provide well resolved
peaks due to the small chemical shift distribution ofthe °H MAS NMR spectroscopy
of selectively labeled samples may be performed insteadh&umore, provided that are
no changes in the hydrogen bond structdté,and*H chemical shifts are comparable
within +£0.2 ppm [GLUBEV 09]. Two types of information can be extracted from
°H NMR measurements. Fast MAS provides spectra similar tadHél data and can
therefore be used for a line shape analysis at differenteéeatypres. In cases where only
one type of protons such as OH is labelled selectively, ntudighg peak overlap can
occur. Information about the deuteron motion was obtaineah fstatic echo spectra. The
obtained line shapes reflect local reorientations of4Hegquadrupolar tensor and thus
allow for insights into the geometrical shape of underlyingtions [ 1ESS85].

In principle, PA can be deuterated by dissolving or suspendhe sample in RO

for two hours and freeze drying it afterwardsd$aurFrF 07]. However, the selective
deuteration of all geometrical shapes seems to be moreutedan was expected in
the beginning. Similar samples such as poly (styrene pluwsplacid) were already
reported to yield only poor degrees of deuteratior{BIKLAUS 09]. Therefore, different
solvent mixtures such as Methanoj® and different stirring times were used to obtain a
complete deuteration of the sample. Rather complete dewte i the protogenic group
could be identified by the absence of a (@), signal in the residuatH MAS NMR
spectrum (see Figure 4.15a).

Notably, the resonance emerging in thid MAS NMR spectrum of theHEXAGON,
shown in Figure 4.15b, does not show the expected signal ppt0 The fastéH MAS
NMR measurements reveal different sites. At>G@nd 10C sharp signal in the range
of 6-7 ppm are found. This is a shift of 3-4 ppm towards lowempgompared to the
proton signal. Since a deuteration of the aromatic core ite gunlikely this resonance
has to be correlated to the PA. Also, a chemical shift charighi® dimension cannot
be correlated to an isotope effectZ[EmMBOWSKA 01]. This resonance between 6 and
7 ppm, however, is comparable to thd peak at 6.5 ppm attributed to PA interacting
with water, as discussed in subsection 4.3.4. This signalatdy be observed after
exposing theHEXAGON to water which is not the case for the crude sample obtained
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Figure 4.15: a) Comparison of théH MAS NMR spectra recorded at 29762 Hz spinning (700.1
MHz, 16.4 T) at room temperature to prove the deuteraticnedfaGoN (black) and
HEXAGON-D (dark grey)

b) 2H MAS NMR spectra recorded at 29762 Hz spinning (107.5 MHz, 16.4tT) a
different temperatures: -3Q (black), 10C (dark grey) and 11 (light grey).

from synthesis. Consequently, the history of the sample igrafieant parameter. The
spectrum at -30C shows in addition to the discussed signal a broad underlgeak
centered a8 ppm. Here, the intensity for this resonance seems first¢cedse with
rising temperatures and increase again at an elevated tetapeof 110C where it is
the only signal left is at 8 ppm with a line width of 1500 Hz, whican also be found
in the lH MAS NMR spectrum of the weEXAGON, discussed in subsection 4.3.4. A
similar thermal behavior was already reported for PA caritg polymers [BRUNKLAUS
09]. Since only the PA was deuterated, the different signai® to origin from different
PA-water interactions. In théH MAS NMR spectrum the broad line would overlap
completely with the aromatic resonance and hence, canniteeted. The presence of
irregularly incorporated water could explain the missingsistency of integrals obtained
from 1H spectral deconvolution. The ratio of the signal in # spectrum should be
PA:aromatic 2 : 4. This, however, is not the case. AC@he ratio is 2 : 7 thus clearly
supporting the presence of water molecules. In contrattgteEXAGON the LINE shows
at the expected 2 : 2 : 4 ratio.

The presence of incorporated water can result in an exchainge between PQOH)
and HO. In general, the formation of a hydration shell is well kmoand supports
this observation [RACINSKY 09]. If this is the case in theEXAGON the ?H position



64

Chapter 4. Phosphonic acid containing ionomers

x10

1000 1000 200 100 100 -200

0 0
ppm kHz
Figure 4.16: a) °H static NMR spectra of theEXAGON (107.5 MHz, 16.4 T) at different temper-
atures: -30C (black), 20C (dark grey), 50C (light grey), and 110C(black-dotted)
b) Comparing théH static spectra foHEXAGON (black) at 107.5 MHz with the fit
(grey) obtained from weblab with the following data: general case, twejsithp,

cone angle® =54.7, flip angle$¢ = 180C°, jump rate 100 kHz.

is ill-defined. Consequently, an continuing exchange of Ra»O = POD+HDO
would affect the NMR spectra. This additionally would explavhy the signal expected
at 10 ppm is shifted to 7 ppm, see Figure 4.15b. This exchaatyeeen PA and water
is also very fast and thermally easy to activate and couldordtozen to be measured
even at the lowest temperatures. Thus, the signal at 10 ppshlikely does not appear
in a single-pulse experiment due to fast exchange. Statisolid-state NMR spectra
might reveal further information. Depending on the temper the staticHEXAGON
spectra show two different motions, as shown in Figure 4.18&low temperatures
there is a RKE-line pattern underneath a narrow and isotropic peak. Simeesample
is ill defined, the isotropic signal is located at the centdrtbe RAKE-line pattern is not
symmetrical distributed around it. Heating the sample,RReE-line pattern decreases
while the isotropic signal increases which is similar to biedavior of PVPA [LEE 07b].
After one heating and cooling cycle the static measuremetiteasame temperature
shows a higher content of the isotropic part. To ensure thatabservation is not due
a thermal non-equilibrium the experiment was repeated aftehour with the same
result. This, however, indicates that a thermally actdag®&change between the two
different PA-water sites at 7 and 10 ppm occurs. Indeed, pleetsl resolution of the
low temperature RKE-line pattern is not optimal due to motion. Thus, an educated
guess can be given since it is known that PVPA shows a twqgtsite [LEE 07b]. Due
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to the fact that PVPA and theEXAGON have both PA groups, the known parameters of
PVPA were used as starting point to deconvoluteé?thé&lMR spectra (WebLab [McHO
01]). The obtained simulated spectrum shows some sinaitib the measured one, c.f.
Figure 4.16b, but does not fully reproduce the experimdmalshape. Nevertheless, this
result suggests again that more sites in the sample aredtitey through a fast exchange
mechanism.

-~ ~.~L~MM | MMUUUMJJJ-‘:

225 150 75 O  -75 -150 -225
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Figure 4.17:?H MAS NMR spectra of theiEXAGON at 7 kHz spinning (107.5 MHz, 16.4 T) at
different temperature: -3C (black), -10C (dark grey) and 3 (light grey).

The spinning sidebanH MAS NMR spectra of theHEXAGON show very persistent
sideband patterns that hardly change their shape over tatape This phenomenon
is characteristic of rather rigid hydrogen bond systems.e Waximum spectral ex-
tension of the spinning sidebands in thed MAS NMR spectrum is observed for the
rigid case at -38C with a total width of 294 kHz, corresponding to a quadrupola
frequency ofvg = % ~ 147 kHz. This value is roughly twice the value as reported
in PVPA [SCHAUFF 07] and 1.5 times smaller compared to frozef(D,0O) = 216
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kHz [LETELLIER 98]. In Figure 4.17 one can see that with increasing tempeahe
intensity of the signal decreasesPi8ss81]. A similar behavior irfH MAS and static
NMR signal has been reported for PVPA derivateRBIKLAUS 09]. Intensity losses
are often observed in the case when the molecular motionas imtermediate regime,
e.g.,Tc~ % is fulfilled. Here, 1. denotes the correlation time amg the quadrupolar

frequency defined in equation 4.2.

Vo= 2 (4.2)
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4.3.6 3P NMR studies of the ionomers

3lp MAS NMR is an additional helpful tool to obtain structuraldrmation regarding
the chemical structure and its surroundingsafiis 89]. In contrast to'H, 3P is
more sensitive to structure changes comprising a wideasprg of the chemical shift
distributions, i.e. PA from 36 to 18 ppm €5AUFF 07]. In the liquid spectra the different
geometrical shapes yield a spread of 2.5 ppm from2he@ARE at 11.7 ppm to the
TETRAHEDRONat 14.0 ppm, c.f. Figure 4.18. Notably, the\e and theTRIANGLE have
exactly the same chemical shift. Since the solubility ofgsamples is rather poor one can
assume that there is no packing effect in the solution. Eumbre, the poor solubility
results in different effective concentrations which migiido affect the chemical shift.
Additionally, the central aromatic ring connecting the pyiphosphonic acids might

Tetrahedron
SRR | RSSO
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Line

14 13 12 11 10
ppm
Figure 4.18: 3P liquid-state NMR spectra recorded at 202.5 MHz (11.7 T) in DMSO at@00

from bottom to tOpLINE, TRIANGLE, SCREW, SQUARE, TETRAHEDRON, and
HEXAGON.

influence the electronic shielding of tA& nucleus since the chemical motif in all cases
is Ph— PO(OH),. Thus, the chemical shifts variations are possibly due ¢octiemical
structure differences.
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Comparing the liquid with the solid-state spectra one can ediately see, that in
the LINE and theHEXAGON the chemical shift increases hyl0 ppm, as illustrated in
Figure 4.19a,b. The chemical shift values of the PA groupgedrom 21 ppm for the
LINE and 18 ppm for thelEXAGON respectively. Additionally, the spectrum for thexe
shows in the solid-state, the formation of a phosphonic antaydride at 15 ppm 4.19a
[LEE O7a]. In contrast to the spectrum of thexne, the HEXAGON spectrum displays
a peak shifted to lower field at 23 ppm. Additionally, the4EXAGON shows the same
amount of a different site minor compound in tH® as in thetH MAS NMR spectrum
as discussed in subsection 4.3.2. This peak, as well as¢c&apf the other geometrical
shapes, will now be discussed.

PO3H2 PO3H2
liquid

mw

30 25 20 15 10 5 25 20 15 10 5
ppm ppm

Figure 4.19: 3!P solid-state MAS NMR spectra at 20 kHz spinning (202.5 MHz, 11.7 T) - en th
top, showing underneath liquid spectra in DMSO at’1D(202.5 MHz, 16.4 T) of
the a)LINE and the bHEXAGON.

Similarly to thelH MAS NMR, the3!P MAS NMR spectra show more differences than
expected. All samples contain PA groups which are diredtigched to phenyl rings.
However, a variation of chemical shifts over 5 ppm are fouithis indicates that PA
of the investigated geometrical structures seem to orierdifferent macromolecular
structures thus, located in different local fields of thenaatic systems and with the
incorporated water. Therefore, a difference in the hydnogends strength might be
correlated with different orientations.

Comparing the spectra of the three samples in Figure 4.20{&X@GON, the TRIAN-
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Figure 4.20: 3P MAS NMR spectra of the ionomers at 20 kHz spinning (202.5 MHz, 16.4 T) a
30°C from the top with increasing number of phosphonic acids per molecule: n=2
LINE, N=3SCREW, TRIANGLE, N=4TETRAHEDRON, SQUAREN=6 HEXAGON.
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GLE, and thescREW, display a relative broad chemical shift distribution. Teamples,
namely theLINE and thesQUARE, show quite narrow line widths of 460 Hz and 370 Hz,
respectively. These line widths suggest that the sampéekighly ordered such that the
31p nuclei are located in a well defined environment. Notablgsé geometrical shapes,
the LINE and thesQUARE, both do not show significant bulk proton conductivity or a
microscopic proton mobility, c.f. section 4.1 and subsetd.3.2. Hence, this strongly
suggests that a high degree of local ordering or crystgllfithe PA sites does not favor
proton conduction in these systems.

The main peaks for theINE and theSQUARE in the solid-state NMR spectra are
located at 21 ppm and 17 ppm, as shown in Figure 4.20. In the afatheLINE, this
observation is somehow contrary to the broad peak obsernvédteitH MAS NMR, as
mentioned above. This might be explained by the larger harclear dipolar coupling
which broadens théH signal, while the higher ordered structure shows a narioer |
in the hetero nuclei spectra. With respect to the resultaionét in section 4.2 the PA
of the LINE has a strong homonuclear dipolar coupling. In additionhbdP MAS
NMR spectra of theelINE and SQUARE show some additional peaks. The small peak
at 15 ppm in theLINE spectrum most probably corresponds to the anhydride (POP).
This assumption is supported by varicd® MAS NMR spectra of phosphonic acid and
anhydride containing samplesgE 07a, SEININGER 07]. Nevertheless, this group of
chemical compounds provides a new possibility to assighdiginal. TheHEXAGON, as
an example, shows, besides the major peak at 18 ppm a shati2@ppm which could
be a structural impurity of 5%, which is the same amount foimthe VT 1H MAS
NMR spectra in subsection 4.3.2. The assumption of diffeR&nsites is supported by
the 1P MAS NMR spectra of theilEXAGON when stored under 100% RH. Here, the
resolution increases due to higher mobility resulting ipltting of the broad signal, see
Figure 4.21. Additionally, it is observed, that the centéth®e phosphorous chemical
shift under wet conditions is located at smaller ppm valu&his, however, suggests
that the phosphorous with higher chemical shift valuesasgmt the PAs which are not
interacting with water.

The ionomers are small molecules and can arrange somehomaneaor less crystalline
structure. If the surrounding is not completely identicalthe3!P nucleus it experiences
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Figure 4.21: 3P MAS NMR spectra recorded at 15 kHz spinning (202.5 MHz, 16.4T) ef th
HEXAGON as obtained from the synthesis and dried (dark grey) and after stogng th
sample under 100% RH (black).

different chemical shieldings, resulting in a broad NMRnsij A well-defined structure
on the other hand with different sites gives rise to sevemaiaw signals. This differenti-
ation might explain the unusudP MAS NMR spectrum observed for tleREW, see
Figure 4.20, where the structure appears more complicatetighly ordered. In fact,
the spectrum shows a clear separation of at least six peatesath of one broad peak
which is found in theTETRAHEDRON Furthermore, the chemical shift distribution is
quite broad and ranges from 30 to 15 ppm (7500 Hz).

From theH and ?H NMR data as well as conductivity results described above it
is clear that the systems can incorporated water in thaictstre. Therefore, it is of
interest to determine the amount of water molecules andfsipurpose the temperature
behavior of theHEXAGON was analyzed in more detail. First step is to use thermogravi
metric analysis (TGA) coupled with a mass spectrometerithan$o the molecular mass
of water (18 g/mol). The results from this measurement stipgpae more incorporation

of water in the sample, as shown in Figure 4.22a. It showsah@o temperature steps
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the sample looses 4.5wt% water. To follow this by NMR, the demyas heated to
150°C and 350C, packed into an NMR rotor inside of a glove box to avoid cométh
atmospheric water. Subsequenfi? MAS NMR spectra were measured, c.f. Figure
4.22b.

a) 0 750 [s] 1500
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Figure 4.22: a)TGA curve 25 to 350C at 10C/min
b) 3P MAS NMR spectra recorded at 15 kHz spinning (202.5 MHz, 16.4T) ef th

HEXAGON removed from TGA after heating to different temperatureSCfblack),
150°C (dark grey) and 35 (light grey).

The 3P MAS NMR is quantitative if a direct detection is used in tleéaxation limit.
Hence, peak deconvolution can yield the amount of free PARO® present in the
sample. These spectra show that due to the heating the m@Mk formation of
anhydride (POP) is observed at 10 ppm. The samples heatesDtarid 350C show
an additional peak at O ppm of 4 and 9%, respectively. Thisrmasce may be assigned
either to free phosphoric acid or due to the formation ofra¢r phosphonic acid [¥zA
94]. After exposure of the sample to air and humidity i spectrum still shows a
peak at O ppm, however, but the signal at 10 ppm has disagbgareTBEITZEL 07].
This suggests that the anhydride formation is reversibtethat the the signal at 0 ppm
originates from free phosphoric acid, see Figure 4.22b. Stmulder at the left side
of the room temperature spectrum will be discussed laterarendetail. In the room
temperature spectrum the amount of POP is already 6%. Inrthééating step to 15C
the anhydride part increases to 24% and in the last step taC3%@ POP part increases
to 44%. In both cases an POP increase-df9% is detected. Both possible reactions, the
anhydride formation and reaction to free phosphoric acielshown in Figure 4.23a and
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b, respectively.
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Figure 4.23: Anhydride and free phosphoric acid formation shown for PhPA.

Considering that the molar mass of tREXAGON is 1014.03 g/mol which is equal to
100%, then 4.5% matches the loss of 2.5 water molecules peHERAGON. If we
would assume that all water molecules originate from the RiDfation already in the
first heating step, 84% of all free PA would be turned into PO#s, however, is not the
case and integration of the peaks at 10 ppm shows a anhyarichation of~ 19% for
each heating step. This, however, makes it possible tolesdctine amount of remaining
water in the sample [MLOGIN 02].

Calculations also predict that for membranes with a ratgOH POsH, below 4,
water is not available for proton transport as a vehicleHBIRA 06]. This calculation,
however, is a variance after the observation that in PVPAaaly one molecule of
water is sufficient to increase the bulk proton conductiity orders of magnitude
[KALTBEITZEL 07]. In the case of th&lEXAGON, the water amount where obtained
from TGA measurements. If anhydride and phosphoric aciesh&bion is considered, one
gets 4.2 water molecules peeXAGON which corresponds to 0.7 water molecules for
each PA, which is comparable to amount of water found in PVR#at relation would
fulfill the constraint from Pereira et al. suggesting a@3 THUSStype mechanism. On
the other hand the ratio is roughly in the same range of watéecules needed for bulk
proton conduction found for PVPA. In contrast to PVPA, texAGON does not show
conductivity behavior of bulk water in the polymer matrixhi$ combination of results
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suggests a proton conduction in thREXAGON based on the 80TTHUSS mechanism
strongly supported by the incorporated water which migho alct like a vehicle on a
short distance.

4.3.7 Dependency of!P CSA pattern on temperature and RH

Chemical shielding anisotropy (CSA) is an important intaaagtwhich governs the
31P NMR spectra of many phosphate materials\Riis 89]. Parameters related with
the CSA provide details of the electronic environment andllocobility of molecules.
Under slow MAS conditions, the CSA is extracted from the istgndistribution of
spinning sidebands [ERzFELD 80]. Additionally, it can provide information not only
on segmental orientations and reorientationsH8I1DT-ROHR 94, HERZFELD 80] but
also on the local structure [iH01]. Furthermore, the continuing improvementati-
initio chemical-shift calculations comprise a useful probe ofeunolar conformations
[GAJDA 08]. In principle, if the spinning frequenay; is smaller than the chemical-shift
anisotropydg, the two parameter§; andng are extracted from the chemical-shielding
anisotropy [£HMIDT-ROHR 94]. In some cases, correlation between the distance of two
electronegative atoms aligned via a hydrogen bond and theimical shift as well as
chemical shift anisotropy were found fRGLUNG 80].

a) b)
-43°C -43°C
150 100 50 0 50 -100 -150 150 100 50 0 50 -100 -150
ppm ppm

Figure 4.24: VT 3P static NMR spectra (121.5 MHz, 7.0 T) recorded in dry conditions atrdiffe
ent temperatures: -48 (black), 17C (dark grey), and 1I@ (light grey) for a) the
HEXAGON and b) thesQUARE

Static31P MAS NMR spectra of different geometrical shapes were deat different
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temperatures and RH, see Figure 4.24 and 4.25. The questsowheher or not there is
any effect on the stati#'P line shape of these external parameters. It is anticiphted
due to higher mobility of the protons, tiféP chemical anisotropy tensors may change.
This in return would possibly be reflected by a different himidth or a change of position
for the maximum of the peald$y) of the static®'P spectrum [BERGLUNG 80]. From
the HEXAGON it is known that within the given temperature range thiechemical shift
changes from 12 to 10 ppm, c.f. subsection 4.3.2, indicatingange in mobility of the
acidic protons. However, V¥'P NMR spectra oHEXAGON and SQUARE do not show
any difference in the line shape orda,. Unlike in PVPA, there is no change in tensor
values at higher temperature, implicating a constant dyesof the3'P unaffected by
the 'H. Comparing thedEXAGON and thesQUARE only difference in theéd,, are found.
Sincedy; depends on the asymmetny which describes the chemical surroundings this
suggests that the PAs are orientated differently in the antetrical shapes.

a) b)
dry
dry
11%RH 11%RH
150 100 50 0 50 -100 -150 150 100 50 0 50 -100 -150
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Figure 4.25: 3P static NMR spectra (121.5 MHz, 7.0 T) recorded &tClih dry conditions (dark
grey) and stored under a relative humidity of 11% (blackLI8E b) SQUARE

From bulk proton conductivity data, in section 4.1, it is Wmothat the values strongly
depend on the relative humidity (RH). Additionally, it is eqted that the water inter-
acts with the phosphonic acid. However, in Figure 4.25, ramgles of the line shape for
the SQUARE or the LINE are observed, except for a slightly enhanced resolutions Th
means either that th&!P tensors are not affected by the increase of water conteht an
the formation of the hydrogen bond network of the surrougdinthe shielding tensor is
steadily changing, while the protons move towards anothesphonic group. Therefore,
the spectrum could display an "averaged" shielding tensetalthe fast motion.
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4.4 Structural features of the ionomers

4.4.1 Structure determination using WAXS and computations

Wide-angle X-ray scattering using 2D detection (2D-WAXS)4d versatile tool
to study long-range organization of supramolecular syst@iasuLA 05]. Filament
extrusion WAXS introduces orientation in the sample simitere1t packing of aromatic
moieties [BROWNO1]. Due to the poor solubility with decreasing PA amount per

molecule, filament extrusion X-ray analysis could only b&aoted from theHEXAGON.

Figure 4.26: a) 2D WAXS data from filament extrusion of theEeXAGON arrows indicating the
reflection 1.4 nm (yellow) and 0.6 nm (white)ldENEZ 09]. b) 2D WAXS powder
pattern data from thBEXAGON.

The filament extrusion 2D WAXS data from theeXAGON, shown in Figure 4.26a,
indicate two different distances. Furthermore, the stm&cbf the reflection indicated
with the white arrows suggests a columnar packing. The tdrgenm distance is located
between the two columns and 0.6 nm represents the distamwedyethe phosphonic
acids [JMENEZ 09]. The powder pattern of theeXAGON is shown in Figure 4.26b and
shows compared to ttecREWandSQUAREIess crystalline reflections, c.f. Figure 4.27a
and b. Notably, this again supports the assumption fronttReMAS NMR spectra, of
the HEXAGON and theSQUARE, discussed in section 4.3.6, that crystallinity does not
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favor high bulk proton conduction.

Figure 4.27: 2D WAXS powder pattern from the @&cREwand b)SQUARE

Furthermore, 2D WAXS diffractograms can reveal informatabout the crystallinity
of the sample as mentioned above. Under the assumption stiadlingity a plot of the
intensity against the angle dependenc®)adlisplays good resolved spectra. In the
presence of amorphous or glassy parts the pattern showsneade the sharp signals
a broad peak, the so-called halo. By integration of the sharpthe broad signals
the relative amount of the amorphous part in the sample caraloeilated. All three
X-ray data plotted here theEXAGON, the SQUARE, and thesCREW show rather sharp
reflection, as seen in Figure 4.26 and 4.27. Since the halaspather small the sample
is considered as relative crystalline.

The results from extrusion X-ray can also be supported by datained from sin-
gle crystal X-ray diffraction. A single crystal from a systeelated toHEXAGON could

be grown from a sodium ethanolate-methanolate mixture revtiee structure included
sodium ethanolate and methanolate. The X-ray powder pats&own in Figure 4.28,
obtained from the purelEXAGON exhibits rather broad lines. In fact, it is difficult to
imagine that the salt and theéeXAGON have similar structures. The signal at &5

corresponds to 1.4 nm the intercolumnar distances and mlgesignal which is present
in the bulk and the salt structure, c.f. Figure 4.28. To comhe salt structure from
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X-ray with WAXS data of the same structure as measured in NMRjputations were
used to construct possible models, as described in the AppBn

5 10 15 20 25
20

Figure 4.28: Comparison of the X-ray data for tHEXAGON obtained from single crystal grown
from methanol-ethanol mixture (dark grey) with the WAXS data from the mth
sized sample (black).

The assumption of incorporated water is supported by CPMRutstions where
methanolates and ethanolates are replaced by water nedecdlhe water is always
located between the PA. Even when starting the calculatidh the water position
between two aromatic rings it relaxes towards the PA rewylin a stable structure,
where PA form with water molecules (green circles) a 2D zigpathway through the
sample, see Figure 4.29a and b. These pathways are isatatbd different layers.
By adding one water molecule per PA unit the water connectszitpeag pathways
between the different layers. The amount of water was takem the results of the
combined3!P MAS NMR and TGA-MS in section 4.3.6. The hexamere’s priatip
scaffold structure, with carboxylic instead of PA, was athg revealed [WrsonN 01].
Consequently, it is of interest to compare the these two tstresdo analyze the effect of
the number of hydrogen bonds. The carboxylic acid derivatsvs formation of almost
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all hydrogen bonds in the molecular plane. In addition, sdaten hydrogen bonds
between adjacent sheets in a way that columnar supramaitecetworks are formed
[M ALY 07]. The crystal structure of tieEETRAHEDRON IS known from literature [ONES

a=1.4 nm

Figure 4.29: Possible crystal structure of theeXAGON obtained from calculation from a) top
view of the columns with an distance for two columnar center of a= 1.4 nm and b)
side view revealing the intercolumnar phosphorous phosphorous distéde 0.6
nm. Green circles show the water molecules attached to the structure ag@ oran
arrows indicate a possible pathway for the protons through the structure.

06]. It forms tetrameric clusters isolated from each otl@mbining these results one
might conclude that the formation of a PA pathway supportstha formation of isolated
clusters prevents proton conduction in the crystal.

A further parameter which affects the bulk proton conductibeside the assembly
of the aromatic moiety, are the functional groups. The ¢ffe®bserved, e.g. when
substituting the PA in theiEXAGON by carboxylic acid groups (CA). The molecular
structure of the CAHEXAGON which is easy to crystallize is known from literature and
reflects similar distances as observed in theHBX-AGON system [KOBAYASHI 00]. The
intercolumnar distance is given by 1.34 nm and the CA groupseparated by 0.6 nm.
The CAHEXAGON possesses a center of symmetry, while the aromatic side &rg
nearly orthogonal with respect to the core. The dihedraleaiggnot the same for all
of them but changes from 91.7 to 83.5These structural information suggest a similar
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packing of the aromatic moiety in the CA and P&XAGON. Unlike the CA, the PA
does not form stable and defined hydrogen bonded dimers buabwdrogen bonded
network with different PAs. Thus, the resulting mobilitytbie protons, delocalized over
several PA, might be mainly the reason that systems contaiPd as functional groups
shows, in general, a higher proton conductivity than the CisStutes, e.g. comparing
PVPA with poly(acrylic acid) (PAA) [ABEY 08]. Overall, these results strongly suggest
that higher crystallinity of the functional group does napport bulk proton conductivity.
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4.4.2 Temperature dependency of theQUARE and the SCREwW

Compared to the other ionomers tB®UARE shows a quite different thermal
behavior. Therefore, theQUARE, freshly obtained from synthesis, was characterized by
VT H, 3C{1H} CP, and3!P MAS NMR. A defined temperature profile has been used
to follow the molecular changes which occur during heathgsample. This has been a
three steps profile and applied as followed, first increaiiegemperature by 2C steps,
second waiting 15 minutes until the thermal equilibrium bagn reached and finally
measuring théH MAS NMR. The first change in théH MAS NMR spectrum, apart
from line narrowing, is observed by reaching@) see Figure 4.30a. At this temperature,

Figure 4.30:a) *H MAS NMR at 29762 Hz spinning (700.1MHz, 16.4T) of ts@UARE at dif-
ferent temperatures
b) Comparison ofH and DQF MAS spectra at 29762 Hz spinning (700.1MHz,
16.4T) of thesQUAREbefore and after heating.

the peak corresponding to the PA hydrogen bond starts to graekially from 8.8 to 9.5
ppm. This change is not time but temperature dependent aadolawed by changing

the temperature in°® steps. Time dependency could be disproved since a repeated
experiments at constant temperature after an hour did et ahy difference. However,
before the change from 8.8 to 9.5 ppm is completed a secopdsstdserved at 1IC.

Here, the value corresponding to the PA hydrogen bond dioifesyen higher values at
10.5 ppm, see Figure 4.30a. Checking again the time dependareals that this change
is continuous at constant temperature. The change needsabbour to be completed,
as shown in Figure 4.31a. Based on this observation a closérdb the unheated
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Figure 4.31: a) 'H MAS NMR spectra of thesQuAREat 30 kHz spinning (700.1 MHz, 16.4T) at
110°C
Starting at t=0 minutes (black) to t=60 min (light grey) with 20 minutes between
each measurement.
b) DSC measurement f@QUAREfirst heating (black), second heating (light grey).

IH MAS NMR spectrum already shows the presence of a high testyrer peak in the
crude sample, in Figure 4.31b. Accordingly, the high terapge structure is already
present to some extent. Due to heating a structural changetfre metastable structure
into a more energetically beneficial arrangement compleddterwards, this process is
not reversible and the formed structure is stable. The DS&sarement supports this
observation, since a change at 1C0in the curve only are observed during the first
heating, as illustrated in Figure 4.31b. The TGA graph shthas thesQUARE looses
over the observed temperature range up td C1Bwnt%, see Appendix Figure A.3a. This
is an indication, that the observed change might be due terd@ds and an followed by
reorientation of the structure. In addition, the peak abXpm shows no change in line
width at the different measured temperatures.

Since a certain narrowing in the line width could be obsenvethe first heating, this
suggests that the initial structure has mobile protons ared@, e.g. strengthening of the
hydrogen bonds, they disappears. This result is also stgapby the dry and humid bulk
conductivity data, since after the first heating the absobainductivity value lowers by
several orders of magnitude, see Appendix Figure A.4.

The described change in the WAXS data shows a loss in sighatsnall 29 val-
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Figure 4.32:a) Structure of thesQUARE in the gas phase obtained from ChemDraw 3D
molecular-mechanics force field calculations (MMFF94)A[lREN 96] energy
minimization.

b) WAXS powder spectra plotted again® Defore (dark grey) and after annealing
(black).

ues in the range from 4-14due to the heating, as shown in Figure 4.32b. This
corresponds to a loss in long range order. The reflection®ataging from 14 to
22°, represent shorter distances and do not change theirgrositith gain in intensity
and resolution. This supports the assumption of non orgdnizng-range arrangement
where a similar short-range order is present, as has beertedgor the HBCs [ROWN
01]. The change in th&éQUARE can also be observed in the VBFC{!H} CP and
31p MAS NMR spectra, see Figure 4.34a and b, before and aftexading. Both show

a drastic change in their spectral resolution. Tt MAS NMR spectrum shows a
massive narrowing of all signals from a line width of 200 toFs2 The latter line width

is comparable to the line width of adamantane which is a kighystalline compound
[M orkoOMBEQO3]. Additionally, the three quaternary aromatic carbamnals are shifted
by about 3 ppm, compare black and grey spectrum in Figurea4.34he resonance at
136 ppm (after heating) can be assigned, due to the loWegtH} CP intensity, to
the quaternary carbon in the central benzene ring. ThigaleifC and the one which
is found at 137 ppm (after heating) are affected due to the peking and shifted to
lower ppm values. This could indicate that te@UARE molecules now are stacking,
implicating that both!3C with a similar shift are located in similar areas of the ring
current. The third quaterna®?C results after the heating in a lower field at 146 ppm.
Hence, the differing quaterna®yC is most probably located at the outer aromatic ring
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Figure 4.33: NICS map of thesQUARE computed using CPMD described in the Appendix B.

connected to the PA. Figure 4.32a shows the 3D structureedluARE obtained from
ChembDraw 3D molecular mechanics force field (MMFF94) energymization. Based
on that preoptimization a nucleus independent chemicdt §RICS) map has been
calculated, see Figure 4.33. Here, in the green region an watould experience a shift
of -3 ppm, while the dark orange part would shift it by +0.5 p@ased on these results
further work may be done, to predict a possible crystal stingc

The 3P MAS NMR spectrum of theQUARE shows before annealing the existence of
five different sites comparable to tR&P MAS NMR spectrum of th&scREW, compare
Figure 4.34b and d. After annealing ts€REW the number of sites is reduced, most
likely due to higher order, to two resonances with 85 and 1BPtive intensities. The
phosphorous nucleus which represents the main peak is reatelb at a chemical shift
which was not present before. This is an additional indicetor an elementary structural
change or/and might be attributed to the loss of water indlbgeannealing, as discussed
in subsection 4.3.4.

Compared to thesQUARE, the SCREwW has a more complex structure. The structures
obtained from ChemDraw 3D MMFF94 energy minimization stlgndepend on the
original geometrical shape. Nevertheless, the struchaewas obtained in the majority
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Figure 4.34: a) 13C{1H} CP MAS NMR spectra of thesQUAREat 20 kHz spinning (125.8 MHz,
11.7 T) before (black) and after (dark grey) annealing afC10
b) 3P MAS NMR spectra of theQUARE at 20 kHz spinning (202.5 MHz, 11.7 T)
before (black) and after (dark grey) annealing at°110
c) 13C{*H} CP MAS NMR spectra of thescrEwat 10 kHz spinning and (125.8
MHz, 11.7 T) at 33C (black) and at 153 (dark grey)
d) 3P MAS NMR spectra of thecrEwat 10 kHz spinning (202.5 MHz, 11.7 T) at
33C (black) and at 15X (dark grey)

of runs is shown in Figure 4.35. Before heating, #® MAS NMR spectrum of
the SCREW shows a broad signal where at least six different sites amatifted. This
observation is yet not fully understood but might indicatattthe asymmetric unit
contains more than one or even two molecules. At higher tesye a new orientation

of the PA groups occur changing ti&> MAS NMR spectrum to three signals with
the intensity ratio of 1:1:1. Due to the chemical structurese three peaks might be
expected if there is no symmetry center in the molecule astited in Figure 4.35. On
the other hand th&3C{'H} CP MAS NMR spectrum shows a less dramatic change as



86

Chapter 4. Phosphonic acid containing ionomers
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Figure 4.35: Structure of thescrRew n the gas phase obtained from ChembDraw 3D MMFF94
energy minimization

observed in thasQUARE, c.f. Figure 4.34a and c. Combining these two observations of
the 31P and the'3C{1H} CP MAS NMR, one might suggest, that at higher temperature
the PA equalize while the aromatic packing does not changstidally.

It has been discussed in section 4.1, that the bulk protordwmiivity data under
humid conditions, of thescREWw, show a reversible change in the temperature depen-
dency. For this purpose, the high temperature behaviorestdREwwas analyzed in
more detail. VT3C{!H} CP and3P MAS NMR experiments were conducted in the
temperature range from 100 to T€0 The 3P MAS NMR spectra display a change
from the broad overlapping line shape from different siteslucing to the three more
defined sites. On the contrary, the VIC{!H} CP MAS stack shows that there is no
change observed within the same temperature range. Thegésrare indicative of a
structural change for PA and may be attributed to a new aiemt of the PA hydrogen
bond structure, while the global stacking seems not to lextgftl. This is supported by
the TGA measurement, see Appendix Figure A.3b, where nooliba®ight is observed.
Accordingly, a structural change, as observed inghQ@ARE s excluded. Furthermore,
the change in theQUAREIs non reversible whereas tis&REW after one week at room
temperature shows the sa® MAS NMR spectrum as before. This supports the
assumption of a new arrangement at higher temperature éddoainly at thetH and
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31p of the PA groups.

4.4.3 3P MAS NMR spectra of the SCREW

From the one-pulsé!P MAS NMR spectrum of thescREW it is evident that six
different 31P PA sites are present. Thus, recording stdtR spectra does not make
sense since six CSA patterns would severely overlap. Consgyguenother method has
been applied to obtain structural information about théirtbs sites. In the literature a
2D method, termedeparation ofundistortedpowder patterns byffortlessrecoupling
(SUPER) was used fdfC CSA analysis [@R 05]. This method developed by the group
of Schmidt-Rohr, was mainly used for 4 mm rotors applyingnsirg speeds, between
2.5 and 5 kHz, and based on the work from Tycko et alydko 89]. In this work
rotors with a size of 2.5 mm rotating at 6050 Hz were used. Tifierdnt experimental
parameters for the SUPER experiment have to be adjustetlidgrsince the standard
radio frequency power levels, in particular for protongudld not have a decoupling field
strength% higher than 120 kHz. Two important parameters for the SUPKR@ment
are the CSA scaling factor which was chosen as 0.155 and tretralpeidth of the
indirect dimension. Both directly effect the radio frequgpower levels and the rotation
frequency [Lu 02].

The SUPER experiment is often used to assign groups withlagirmhemical shifts
by comparing the two parameteds andng. In this work the SUPER experiment was
applied to phosphorous, which is not that commordiisIDE 07]. Since the®!P in
the sample all have an identical chemical structure (PAjerdinces inds; andng are
expected to originate from differences in the local streeturhe spectra in Figure 4.36
do not show a clear CSA powder pattern which indicates thaP#teemost likely are in
the intermediate motional regime. Thus, the analysis af diaita, as observed earlier in
the static spectra of theEXAGON and SCREW, is not straight forward. Without going
into detail the extracted slides show a difference in lindtivin andd,,. Even though
differences can hardly be quantified the extracted spettos svariation in the line
shapes which may indicate different surroundings for the.PA
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Figure 4.36: 3P MAS NMR SUPER experiment recorded at 6050 Hz spinning (121.5 MHz,
T) of the scrREwa) 2D spectra with thé'P MAS NMR experiment plotted on the
top. Lines indicating the position were CSA sections were taken and shown in b

To obtain more structural information about the proximifytlee different sites further
2D experiments were conducted. The first approach has beendm a3'P-31PSQ-DQ
BaBa correlation spectrum ffKe 96]. Since the intensity of a DQ correlated signal
is a function of the inverse internuclear distance, gyrometig ratio and recoupling
time, it is possible to extract quantitative informatioroabinternuclear cubed distances.
Similarly to 'H NMR it was used to obtain information about the proximity tefo
phosphorous in the structure e 07a]. Due to the gyromagnetic ratio of phosphor
y:l.OSllOSS—T, relatively low compared to the hydrogen, the dipolar cowupis weaker
and measured distances are generally smaller than commuedgured intH MAS
NMR. The relationship between the internuclear distancé/engn equation 4.3.

i) _ —Hohy?

= a3 (4.3)
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Compared to the gyromagnetic ratio féil y =2.67510°, it is less than one half.
Therefore, to detect the similar distanaes:s:p as in protons the recoupling has to be
approximately 2.5 times longer. Recoupling times have totmesen according to the
following equation% = yyzzal—; Notably, no signal from auto correlation or cross
peaks could be obtained, even using a recoupling time of 4p tomes the rotor period,
which was successful in PVPA HE 07a]. This is an indication that in theeXAGON the

distance between théP of the PAs are bigger than 0.53 nm.
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Figure 4.37: 3P MAS NMR RFDR spectra recorded at 25 kHz spinning (202.5 MHz, 11of T
the scrEwwith 3P NMR projections plotted on the top. Different mixing times of
a) 3.4 ms and b) 12.8 ms have been employed.

As a second approach, radio frequency driverdipolar recoupling RFDR spectrum
was measured [BNNETT 92]. The result of this is an effective time-independengiint
action that generates magnetization transfer and leadso$s peaks between coupled
resonances in a 2D spectrum . The difference, compared ®aBa experiment is that
RFDR cannot distinguish direct magnetization transfer froagnetization transfer via
three or more spins, the sequence detect SQ-SQ correlfors11DT-ROHR 94]. The
RFDR spectra were recorded at increasing mixing times,rsgantith 3.2, 6.4, and 12.8
ms. Due to the absence of cross peaks one may claim that PAs difterent sites are
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not in close proximity to on another.
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4.4.4 Solid state effect otH MAS NMR spectra

So far, the NMR study focussed on the hydrogen bonded netefd?PR and HO. In
this subsequent section, structure, packing and possybiendics of the aromatic groups
of the systems are studied Byl and3C MAS NMR. In this subsection thtH MAS
NMR spectrum for theLINE is discussed using addition&H MAS NMR spectra for
further comparison. In general, information with respecassignments are obtained by
comparison of liquid-state with solid-state NMR spectra.

a)

(HO)3(O)P P(O)(OH),
. T <W'e
T Ok
. T aas
(HO),(O)P P(O)(OH),

Figure 4.38: *H solid-state MAS NMR spectra recorded at 30 kHz spinning (700.1 MBI T)
is shown on the top, below the deconvoluted peaks are plotted and at the lbio¢to
liquid spectra in DMSO at 10@ (500.2 MHz, 11.7 T) is shown for a)NE and b)
SQUARE

In addition, 'H MAS NMR is quantitative, provided that a sufficient longaehtion
delay has been chosen, which facilitates the assignmerthelspectrum for theINE,
somelH signals are shifted when going from liquid to solid statee §igure 4.38a.
In the liquid-state taken spectrum &M are located at 7.8 ppm, while the solid-state
spectrum includes three peaks. Two of these signals arelfoutihe region between 4
and 10 ppm corresponding to the aromatic protons. Due to bhead lines and similar
chemical shifts the overall spectrum suffers from a serverlap. The third peak which



Chapter 4. Phosphonic acid containing ionomers

corresponds to the PA proton is located at 12 ppm. A closésr dmothis signal indicates
that the peak is not symmetric. Deconvolution of #ie MAS NMR spectrum reveals
two peaks with the proton ratio of 2 : 2. They represent hydmlgonds incorporated in
different structural positions and with different stremgtBy iterative fitting, the aromatic
signals are deconvoluted and analyzed quantitativelyhasrs below theH MAS NMR

spectrum in Figure 4.38a. The integrals of the differentkpaaveal the ratio 4 : 8 of
the aromatic CH protons, indicating that the chemical sHiftree kind of protons stays
unaffected by the packing, while the other type of protormasha shift of the chemical

shift towards higher field.

Figure 4.39: NICS maps of a) thelEXAGON and b) theTRIANGLE have been computed as men-
tioned in the Appendix section B.

Often deconvolution of broad signals cannot provide clesuits, which is also illustrated
here in thetH MAS NMR spectra of the.INE and thesQUARE shown in Figure 4.38a
and b, respectively. In this case the peak at 6 ppm results fveo different aromatic
sites, where the overlap is too strong so one should takecoasadering deconvolution.
In the solid state, the protons are exposed to the ring cisrréne to other nearby
through-space intra- or intermolecular aromatic moiefi#auUGH 56]. Depending on
the packing and the geometrical structure tHeare influenced differently. For example
in the case of th&lEXAGON due to the high density of aromatic rings within one plane
the next molecule would have to be placed on top of another distance defined
by repulsion. The minimum distance is limited by the reprisof the twisted rings.
By avoiding the direct contact the whole molecule is eithéatex by or slit to one
axis. Other molecules, such as thRIANGLE, can approach one another much closer,
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since after rotation there is no hindrance for the tiltech@abc rings and a additionally
there is an energetic gain resulting from titgt interaction between the central rings.
Nucleus independent chemical shift (NICS) have been cakuailay D. Dudenko for the
HEXAGON and theTRIANGLE, illustrated in Figure 4.39a and bE8ASTIANI 05]. These
maps reflect the areas where the influence of the aromatie cerg shift in the solid state,
e.g. the chemical shift of theH. Thus, a closer distance between two molecules, e.g. in
the TRIANGLE, would allow the protons to enter in other aromatic ring eutrregions,
which might be an explanation for the observed shift in thigsstate NMR spectrum
(top spectrum in Figure 4.38a and b) compared to the sokstiate spectrum (spectrum
below in Figure 4.38a and b).

14 12 ppm

PO(OH),

l PO(OH),
. PO(OH),

PO(OH),

(HO),oP O
HO),0P l
Hof-; O O ::Zf'o O
Hé OH

O~

Figure 4.40: 'H solid-state MAS NMR spectra recorded at 30 kHz spinning (700.1 MBI T)
is shown on the top, below the deconvoluted peaks are plotted and at the lhiogto
liquid spectra recorded in DMSO at 1D (500.2 MHz, 11.7 T) is shown for a) the
TRIANGLE and b) theHEXAGON.
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A comparison of antH MAS NMR spectra for the investigated geometrical shapes
shows, that théjso of some aromatic protons are shifted towards higher fiele g

the HEXAGON, see Figure 4.40b. The liquid-stdtd NMR signals of therRIANGLE are
located around 8 ppm and the corresponding signalsifotAGON at 7 ppm. Changing

to the solid state, th&RIANGLE shows a partial shift of these signals towards 6 ppm,
while the HEXAGON stays constant at 7 ppm c.f. Figures 4.40a and b. In contast,
the SQUARE discussed above, a deconvolution results in two differesplacements
ranging from 1 to 2 ppm. This might be an indication that thiéeth proton resonance
corresponds to different arrangements of the aromaticsririthe’H MAS NMR and
liquid NMR spectra of thescREw and TETRAHEDRON also show high-field shifts but
have not provided any new information and can therefore bedaon the Appendix A.

DQ NMR is used to reveal information about the dynamic of gnstas mentioned in
subsection 4.3.1. In addition, 2fH-1H DQ measurements can reveal information about
intermolecular distance between e.g. the PA groups, a®mex in part | subsection
2.3.2. Here, this method is used to probe and determine PAmpproximities. Figures
441, 4.42, and 4.43 show the 2D BaBa spectra ofingE, SQUARE, SCREW, and
TRIANGLE at different temperatures. As mentioned in subsectior?2robile protons
may also decrease the signal intensity observed #tHdH DQ spectrum. Hence,
comparing the spectra at 81 and at low temperature -i6 it can be revealed if the
proton mobility affects the spectra. In particular, if thefons exchange is too fast, no
autocorrelation peak of the PA protons is observed. Thidtenahe case at ambient
temperature, however, the motion can in same cases be skbovern, resulting in an
autocorrelation peak observed only at low temperaturee[D7b]. TheLINE shows
already at room temperature an autocorrelation peak forhifdrogen bond signal
indicating no observable mobility in the NMR, as illustratedFigure 4.41. Thus, as
conducted before, the PA protons of thele are quite immobile and thereby does not
represent a good conductor.

In Figure 4.42a,b, the 2D DQF spectra of theUARE at ambient and low temper-
ature are shown. The PA proton of thR@UARE seems to be more mobile than thele

since there is no autocorrelation signal at room tempezatomt at low temperatures.
The explanation might be that due to higher motion at RT th® aignal cannot be
detected. Apparently, as a result of freezing the motiorwattemperatures, the signal
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Figure 4.41:2D *H —1H MAS NMR DQ-SQ correlation spectrum of theNE using a spinning
frequency of 29762 Hz (700.1 MHz, 16.4 T) recorded &®and acquired under
the following experimental conditionst ey = 33.6ps, 516 t1 increments in the
indirect dimension for a time step of 168, a relaxation delay of 20 s, and 68
transients per increment. Sixteen positive contour levels are shown behgée
and 99% of the maximum peak intensity are plotted. The projection of the direct
dimension is shown on the top. The assignment is indicated is shown below.

appears. In contrast, theRIANGLE and thesCREWw show an autocorrelation peak
neither at room temperature shown in Figure 4.43b and d, hdova temperature,
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Figure 4.42:2D 'H—-'H MAS NMR DQ-SQ correlation spectra of tr&QUARE using a spin-
ning frequency of 29762 Hz (700.1 MHz, 16.4 T) recorded at a)Cl&and b) 51C
and acquired under the following experimental conditiong.) = 33.6ps, 2048 t1
increments in the indirect dimension for a time step of J&8a relaxation delay
of 2 s, and 104 transients per increment. Sixteen positive contour leeethawn
between 2% (4)% and 96% (96%) of the maximum peak intensity are plotted. The
projection of the direct dimension is shown on the top.

compare with Figure 4.43a and c. Unlike thRIANGLE, in the spectrum of theCREW
appears a new peak at low temperature which is correlatedvieaier PA at 11.5 ppm
4.43c. This peak at 11.5 ppm might correspond to a PA siteastinaller O- -O distance.

In general, an autocorrelation peak for a PA group can algginate from the two
OH groups which are connected at the same phosphorous imaaddtal like angle.
Consequently, the two protons would be close enough to antwthresult in an autocor-
relation signal. The absence of an autocorrelation peattsibdhe TRIANGLE and the
SCREW may exclude this assumption. Hence, the presence of anaatgtation peak
might suggest a higher proximity of the hydrogen bonds. Tthusresults from the 2D
DQF spectra are in good agreement with the chemical shift@distance mentioned
above. This observations yield the result that the distamtiee PA groups, e.g., for the
TRIANGLE is better for the proton conduction, where in theEe the PA are relative close
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and thus forming too strong hydrogen bonds. The behavioh®HEXAGON (Figure
shown in the Appendix A) is rather analogous to tiReANGLE which agrees with earlier
observations of the bulk proton conductivity in section.4.1

4.4.5 Structural features from13C{1H} MAS NMR

Insight in the solid-state organization of the samples &e provided by*3C {1H}
crosspolarization (CP) MAS NMR. Upon comparison of the liquid and suid-state
NMR spectra one can clearly observe that the peaks not orilyoevibroader but also
are shifted. Some to higher and some to lower ppm values. cHmide due to different
effects:

e packing
e limited mobility

e TI— TTStacking

In general, all three effects have an influence on the chermsict. However, since the
molecules studied here all include aromatic systems tleetedf t— 11 stacking is most
probable present [AzzerReTTI 00]. Furthermore, it is a typical packing effect which
rises from the ring-current in aromatic moieties and is efaguse in molecular structure
determination [BROWN 01]. Considering a benzene ring there are two different resjio
the first is located above and below the molecular plane anddgbond orthogonal. These
regions will be different in the geometrical structures ¢lu¢he turning of the aromatic
rings and the it strongly depends on the location of éd€hnext to another ring whether
it is shifted to higher or lower chemical shift valuesd@es 01].

Above the plane an atom will experience a deshielding duenithéced magnetic field,
leading to a difference in the chemical shift values. In casti if the atom is located at
the side of the aromatic ring the values become smaller. tixaidilly, one has to recall
that the structures drawn in Figure 4.1 are just a 2-dimeasiaew. This is not their real
orientation neither in the liquid nor in the solid phase. Hnematic rings are twisted to
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Figure 4.43:2D *H —1H MAS NMR DQ-SQ correlation spectra using spinning frequency of

29762 Hz (700.1 MHz, 16.4 T).

The TRIANGLE recorded at a) -I'% and b) 52C and acquired under the following
experimental conditionseyc) = 33.6ps, 2048 t1 increments in the indirect dimen-
sion for a time step of 16.8s, a relaxation delay of 20 s, and 96 transients per
increment. Sixteen positive contour levels are shown between 11% (%)%Q
(86%) of the maximum peak intensity are plotted. The projection of the direct di-
mension is shown on the top.

The scrRewrecorded at ¢) -18C and d) 52C and acquired under the following ex-
perimental conditions;ey.) =33.6s, 2048 t1 increments in the indirect dimension
for a time step of 16.8s, a relaxation delay of 10 s, and 96 transients per incre-
ment. Sixteen positive contour levels are shown between 2% (4)% and 3% (

of the maximum peak intensity are plotted. The projection of the direct dimension
is shown on the top.
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Figure 4.44: 3D structure obtained from ChemDraw 3D MMFF94 calculation ofiting .

some extent to reach an optimal energy between the eneggtidrom thert system

and loss due to the repulsion of the ortho CH groujasidNssoN08]. The geometrical
shape of tha.INE in the gas phase has been calculated with ChemDraw 3D MMFF94
and is shown in Figure 4.44.

With the above monitored effects in mind, tA8C {H} CP MAS NMR spectrum
of the LINE, shown in Figure 4.45a, is analyzed in more detail. This spectdisplays
resonances in the aromatic region from 120 to 145 ppm. Betw&&nand 145 ppm
the quaternary carbons are located, while the CH are founghdrd20 to 133 ppm.
Indeed, signal splitting is observed in liquid-state NMR&pa originating from a%s;lcﬂp
coupling (11 Hz) which falls in the expected rangeg$EE95]. In the solid state this
coupling cannot be observed since the broad lines overlapcoitrast to the liquid
spectrum of theLINE the solid state spectrum includes more signals than exgecte
possibly explained by breaking the molecular symmetry dupdcking. In the liquid
the LINE has a C2 symmetry axis since there is for each symmetric cgusbrone
corresponding peak. In the solid-stéd#C {'H} CP MAS NMR spectrum one can
observe a splitting of the CH signals. This effect is well tesd for the CH group at 123
and 124 ppm, marked in grey in Figure 4.45b.

As a result of packing, also the aromatic ring current carcafthe chemical shifts of
nuclei which are located within their vicinity. This can befact quite long-ranged, with
an aromatic ring still exerting an influence at a distance.@frim [LAzzERETTI 00].

Also, the ring current effect is not restricted affectingpfons only but can obviously
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Figure 4.45: a) Solid-staté*C {*H} CP MAS NMR spectrum at 20 kHz spinning (125.8 MHz,
7.0 T) on the top, showing underneath the liquid DEPT-135 spectrum in DEtSO
100°C, with a coupling constant ofa&lp =11 Hz.

b) 2D 13C {*H} MAS REPT-HSQC spectrum of theiNE at 29762 Hz spinning
(213.8 MHz, 19.9 T) plotting projections along th% and'H NMR axis respec-
tively on the top and on the left, respectively.

also influence other nuclei such as carbomr@BvN 01]. However, the effects are much
more pronounced fotH NMR due to the small chemical shift range and the usual
exposed position of the protons in the molecule. Since singfstals X-ray diffraction
data from theLINE could not be obtained, ¥C {*H} MAS REPT-HSQC spectrum has
been recorded, shown in Figure 4.45b, to reveal furtherm&bion about the structural
packing of theLINE. In this spectrum a correlation betwe&tC andH is observed.
Notably, thelH chemical shift is unaffected by changing from the liquidtie solid
state, compare subsection 4.4.4. In addition, this unffidéd corresponds to &C in

the quaternary region. In general, if a proton shows a chanhge absolute chemical
shift, the corresponding carbon spectrum should show appetely the same. Hence,
the 13C {1H} CP MAS and REPT-HSQC NMR spectrum makes it possible to getesom
information about the structure.

13C chemical shifts of the phosphonic acid containing rings shifted to higher
field. Thus, considering possibteshifts, they have to be located close to the side of
another aromatic ring. On the other hand,’d6 chemical shift changes are observed
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Figure 4.46: a) 13C {*H} CP MAS NMR spectrum of theiEXAGON at 20 kHz spinning (125.8
MHz, 7.0 T) on the top, showing underneath the liquid DEPT-135 spectris®
at 100C.

b) 13C {IH} MAS REPT-HSQC of thedEXAGON at 29762 Hz spinning (213.8 MHz,
19.9 T) plotting projections along tHé€C and*H NMR axis respectively on the top
and on the left.

for the central aromatic CH. This suggests that a possibiitmtin a region unaffected
by the ring current.

By comparing the obtained®C signal from the'3C {!H} CP MAS spectrum with
the 2D13C {1H} REPT-HSQC spectrum of theEXAGON, a signal loss of the quaternary
carbons is observed (c.f. Figure 4.46a and b). In Figurea4.t® quaternary carbon
marked yellow shows the lowest intensity representing #tban of the central aromatic
ring. This is supported by the fact that this signal has neesponding intensity in the
13C {1H} REPT-HSQC spectrum. There are no protons near by which neaghite to
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transfer any polarization to quaternadC marked yellow in Figure 4.46a and b. This
observation of complete signal reduction of a quaterrd€y cannot be observed for
the other geometrical structures. In contrast HiExAGON all the remaining ionomers

do have at least two additional CH groups in the central ringclwsupports the signal

assignment.

In addition, Figure 4.46b shows a not so dramatic but dadéet@nd differential signal
reduction of the other two quaternary carbons. This observanight arise from the
location of the aromatic rings in theEXAGON structure among one another. Hence,
the difference in reduction, comparing the blue and the lpurparked quaternary
carbon, might result from a more or less strong polarizatiansfer, originating from
the protons located at the neighboring ring. Accordingly #issignment is as followed,
the blue marked quaternary carbon represents the PA coomexctd the purple marked
carbon the aromatic conjunction between the two aromatgsrias shown in Figure 4.46.

For a closer look on thé3C results the!3C CP MAS NMR spectra of thelINE,
SQUARE, TRIANGLE, andHEXAGON are compared, c.f. Figures 4.45, 4.47 and 4.46. The
chemical shifts of theINE were analyzed already above. Comparingf@ line width

of the different geometrical shapes it results that a breage can be found. TheNe

and theSQUARE show a quite good resolution with a line with of 120 Hz for th&e

and 50 Hz for thesQUARE, c.f. Figure 4.45a and 4.47b. Additionally, most of the silgn
are clearly resolved. In contrast to those observatiores;TENANGLE and HEXAGON
show rather broad signals, one for both the quaternary arttiédaCH3C signals. This is

an indication of a higher ordered system in the case of tke and thesQUARE, while

the TRIANGLE and HEXAGON are rather disordered. Beside the assigned peaks in the
13¢C {1H} REPT-HSQC spectrum of theiNE minor additional signals are found, e.g. in
Figure 4.47b at 132 ppm. Liquid NMR of theNE was repeated after solid-state NMR
experiment to prove the stability of the sample. Since thecsp did not reveal any
difference one can claim that this sites are correlatedfterdnt packing positions of the
carbon.
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Figure 4.47: a) 13C {*H} MAS REPT-HSQC of thescREwat 29762 Hz spinning (213.8 MHz,
19.9 T) plotting projections along tHéC and'H NMR axis respectively on the top

14

and on the left.
b) 13C {1H} MAS REPT-HSQC of thesQUAREat 29762 Hz spinning (213.8 MHz,
19.9T) plotting projections along tHé€C andH NMR axis respectively on the top
and on the left.
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4.4.6 Mobility of the aromatic moiety using REPT-HDOR experi-
ments

In order to determine the influence of possible ring flips andlgnamics hydrogen-
bonding networkH-13C dipolar couplings of the aromatic rings were determinea vi
13C{1H} recoupledpolarizationtransfer -heteronucleadipolar order (REPT-HDOR)
(c.f. chapter 2.3.3). The basic idea is that through therim&tion about rotational mo-
tion of the aromatic rings one may conclude indirectly aldbatfixation or motion of the
PA. It may be possible, that due to the motion of the aromatiety, the motion of the
proton might be perturbed or supported. Hereby, one canressat if there is a fast
motion of the aromatic ring the attached PA may not form alsthipdrogen bonds clus-
ter. Otherwise, the P-C bond can rotate freely and might eaftected by the motion of
the aromatic moiety at all. Due to recoupling of the heteobear dipolar-dipolar inter-
action, the mobility of the aromatic CH protons can be deteeuli By using a program,
developed in the Spiess group, the resulting side bandrpattan be determined and the
dipolar coupling constant (D) extracted. A complete imn®BbfC-1H spin pair is char-
acterized by a coupling of &4 = 21 kHz [RScHER 04]. Molecular motion can reduce
by this coupling provided that the motion is lager thai00 kHz. For easier comparison
it is common to use a so-called order parameter S insteadeoDthThis parameter is
defined by equation 4.4. In the complete immobile case itusk 1.

dipolar coupling

B dipolar coupling rigid sample (4.4)

Several similar structures have already been analyzedy d$®{*H} REPT-HDOR.
Polyphenylene dendrimers are a comparable example ferEkReGON system and show
a dipolar coupling constant for the CH groups of 20.5 kHzf\wv 01]. A more mobile
compound is the benzyloxy benzyl methacrylate which is edpoesented by the D value
of the aromatic CH with 16.1 kHz. It is claimed that even in thystem a value of 16.1
kHz indicates that the phenyl ring flip is inhibited. Such p fhiould be associated with
a reduction of the coupling to 12.8 kHz pfRP 03]. Since the dendritic system is more
strongly hindered in rotation than the benzyloxy benzylhmetylate, the ionomers in
this work would be expected to have a dipolar constant in betw The best sample to
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compare with is polyg-phenylenes) with short ethylene oxide side chainsgiRzwA
02]. It has aromatic-aromatic bonds and hindered the ootayiielding a value of By=
18.8 kHz. Values close to this can also be found in severahgérical shapes as listed
in Table 4.3, except for theRIANGLE and theTETRAHEDRON, which allow rotation in
the structure thereby yielding values for the order parammimparable to a phenyl ring
flip [SPIESS83, GRAF 07]. Especially thaRIANGLE with 0.64 is very close to the order
parameter for a 18Xflip of 0.62. A more general determination of the dipolar doup
constant was provided by Hentschel et al. usthgNMR spectroscopy [[HNTSCHEL
81]. They determined corresponding rotation angles andrgrdrameters, resulting in a
S~ 0.8 for an angular motion of 15° and S- 0.7 of + 20° respectively. These values
will in the following be used to define the range of motion anel @ot considered as the
absolute value.

Sample | Dipolar coupling [kHz]| Order parameter $ angle motion q]
Line 17.9 0.85 +10"
Triangle 13.4 0.64 +180 phenyl flip*
Screw 17.0 0.81 +15*
Tetrahedron 14.7 0.70 +180 phenyl flip*
Square 16.6 0.80 +15+
Hexagon 16.9 0.80 +15+

Table 4.3: 13C{*H} REPT-HDOR results for the CH protons next to the phosphonic acice Th
error deviation is estimated to be fof-8.5. The angular motion corresponding to the
values obtained from literaturg M IERZWA02*[GRAFO7).

Comparing the order parameter listed in table 4.3 one carils#ehe ring mobilities are

in the expected range for aromatic moieties. Moreover, @medivide the geometrical
shapes in three different groups: rigid, intermediate, amwbile. Of course, this
classification is just valid for comparing these geomelrsl@apes where CH order
parameters are determined, as the order parameter ofzag@idp were in the range
of S~ 0.3 [GARBOW 98]. In the case of unsubstituted biphenyl, the equilibrium
torsional angle is 44° and the torsional barriers are 6.0 kJ/mol &Gnd 6.5 kJ/mol

at 90C [JOHANSSON 08]. Therefore, basically all geometrical shapes, exchpt t
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TETRAHEDRON, should reveal similar C-H mobilities. Certainly, one hasaogsider the
substitutional effects of the further aromatic rings in glystem.
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Figure 4.48: 13C{1H} REPT-HDOR MAS NMR recorded at 25 kHz spinning (213.8 MHz, 20.0
T) with a t increment of 2Qus, recoupling time & and 1k scans for a)INE b)
TRIANGLE ¢) SCREWd) TETRAHEDRONE) SQUARETf) HEXAGON.

Starting from this expectance the relative mobile iononstsuld be theLINE, the
TETRAHEDRON and theTRIANGLE, since their geometrical shape has no substitution
in the ortho position which implements a high degree of faed Consequently, the
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order parameter of theETRAHEDRON and theTRIANGLE suggest higher motion even
a phenyl flip of 180 is highly probable. Whereas, theNE unexpectedly shows the
highest dipolar coupling constant 8f~ 0.85 which represents a motion @f10°. This
means it shifts from being expected to be the most mobile Eataphe most rigid. Thus,
the relative high order parameter inNE has to be explained by the micro structural
order of the sample in the solid.

For steric reasons, it is expected that the substitutionwaf drtho hydrogens by
larger atoms or groups should lead to an increase of theotoesigle [REIN 02]. The
mediate samples including tls=REW, SQUAREandHEXAGON have an order parameter
in the range o6~ 0.80 possibly reflecting an angular motion615°. This suggest that
in the microcrystalline structure there is less space ftatimnal motion. A comparison
of the order parameter with the activation energy does naalea useful correlation.
These results might possibly indicate that larger motiory mi@pport’H motion that
contribute to bulk conductivity. However, it seems that @lag motion has no negative
influence on the hydrogen bond network.
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4.5 Conclusion

In this chapter the concept of using low molecular weight poonds as proton
conductors was investigated. The study has been carriedroudbnomers based on
aromatic moieties and phosphonic acid (PA) groups comhiméorm different geomet-
rical shapes.LINE, TRIANGLE, SCREW, SQUARE, TETRAHEDRON, andHEXAGON. In
the temperature range from IIDto 120C the HEXAGON and theTRIANGLE show
a bulk proton conductivity above 18 S/cm at different relative humidities for the
respective temperatures. The presented impedance sgmqiytH, and’H MAS NMR
data suggest that proton conductivity is most likely expdali by incorporated water.
Moreover, the’lP MAS NMR data combined with TGA-MS support this assumption.
This result is in contrast to the observation of the statéiefart, proton conducting
polymers like Nafio and PVPA [LEE 07a]. It seems that this water dependency
for the HEXAGON provides a high and fairly constant proton conductivity exsglly
in the high temperature regime. This rather uncommon behafia constant proton
conductivity reflects the presence of various hydrogen ®irehgths as a result of PA
water interactions in the bulk. Different PA water sites alg suggested by the data
obtained by*H and3!P MAS NMR measurements at varied relative humidity.

In general, the amphoteric character of the PA groups andinterporated water
support the proton conductivity. Therefore, the questimmse why some geometrical
shapes show relatively high and others insulator like butktgn conductivity. From
single crystal X-ray diffraction the formation of a colunmraructure in theHEXAGON
formed by the hydrophobic aromatic core can be proposed. iBgusmputations based
on WAXS data possible structures containing additionalewsatere obtained. Thus, it
is most probable that the PA groups in thREXAGON form a zigzag pathway through
the sample. Th@eETRAHEDRON on the other hand forms isolated tetrameric clusters
restricting the mobility of the PA protons. Hence, the bulotpn conductivity most
likely depends on how the PA are connected, suggesting tima¢ gjeometrical shapes
conduct while others show an insulator bulk proton condugti

The current study provides a detailed understanding ofadhemer approach. Similar
systems with different configurations have been investidjawhich will help to elucidate
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the conductivity phenomenon. The rational design of pratmmductors requires insights
into the structure on molecular level. A combination of athed solid-state NMR,

X-ray, and thermogravimetric methods can provide detaitédrmation on structure

and dynamics of such systems. Therefore, low molecular weaigganic crystals with

incorporated water are therefore promising materials touded as PEM, e.g. for
automotive applications.
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4.6 Spacer concept

This approach aims at increasing the distance between ttkbdiae of the polymer
and the functional group which is referedsjpacerlength, as shown in Figure 4.49b. The
spacer concept has been successfully applied to enhartoa pnductivity of heterocy-
cle based systems4ABDISON 06]. In case of imidazole, the heterocycle were attached to
polymer backbones via flexible spacers such as ethylenoxidikane segments, as seen
in Figure 4.49a. Notably, the proton mobility increasedmwiicreasing spacer length.
This increase even overcompensated the dilution effedt veispect to the change in
spacer length [RbDISON 06]. It is anticipated that, flexibility of long spacers fiaci
tates an aggregation of terminating protogenic groupsesponding to the formation of
hydrogen bonded structures and networks. The results ftemiSger et al. clearly indi-
cate that thespacer concefdils in the case of PA functionalized polymersrgSNINGER
07]. Here, proton conductivity significantly decreaseswainger alkane segments.

a) b)
SO ey

Figure 4.49: Sketch of the intended spacer concept with a) increasing spacer beigleten back-
bone and functional group and b) increasing spacer length betweduanittoonal
groups.

PA functionalized homo- and copolymers have gained inangaisterest due to their
promising properties which include chemical separation,exchange, and ion conduc-
tive membranes. The PA in general is known to be a good pratoggoup which
can be easily introduced to the backbone of polymers, e.gshawn in the case of
poly(vinylphosphonic acid) (PVPA) [BIGOEL 06].

In this work the same basic idea of an increasing spacer . udelike the way of en-
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POsH, PO3H,
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PO3H,

e) \E/\/\/\/\/W
f) WW

PO3zH»

IUPAC Abbreviation| Literature
a Poly(ethylene) PE [WEI 09]
b Poly(vinylphosphonic acid) PVPA [LEEQ7a]
C Poly[ethyl(9-methyl)] PE9-Me [WEI 09]
e Poly[ethyl(21-methyl)] PE21-Me | [WEI09]
d | Poly[ethyl(9-phosphonic acid)] PE9-PA
f | Poly[ethyl(21-phosphonic acid)] PE21-PA

Table 4.4: List of the investigated polymers including their abbreviation due to the spacer
tended poly(vinylphosphonic acid).

larging the distance between the backbone and the funttjomap aspacerbetween the
PA was introduced in the polymer chain. The focus of intenest how this spacer inser-
tion will affect the conduction properties. The questionvisether the polymer forms a
channel or cluster system with the hydrophilic groups. Thister is intended to conduct
only protons and not water as it is the case iFMON®.

Therefore, regularly spaced acid groups were inserted mlyefhylene backbone. This
was achieved by using tlaeyclic dienemetathesis (ADMET) polymerization. The phos-
phonic acid groups could be precisely placed on evEhafd 21" carbon molecule, as
shown by K. Opper [@PERQ9] from the University of Florida (USA) . The abbrevia-
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tions used for the different polymers are listed in table £de to the stepwise dilution
of the PA groups, it is expected to reveal a decrease of PAthactions. Furthermore, it
should be possible to observe a transition from the PVPA tpegploylene (PE) behavior.
PE is already known to give a variety of microstructures amdpghologies [Yao 07]. It

is known from literature that specific properties for par& applications can be target
by incorporating polar functionalities into PE {BFA 00]. Consequently, different func-
tionalized PE polymers were compared, as represented umd-{y6.

The systems were analyzed usid, 13C and 3P MAS solid-state NMR. Methods such
as single pulséH MAS, H DQF, and two dimensiondH-'H DQ spectroscopy were
performed. 3P MAS NMR provides additional aspects of structural featisimce this
nuclei is very sensitivity to its surroundings via changethie chemical shift.

4.6.1 Crystallinity of the polymers followed by 3C MAS NMR and
DSC

The 13C{!H} CP MAS NMR spectra from PE to PVPA shows a transition from
crystalline to amorphous polymers, see Figure 4.50a. Tthes?E-dominated polymers
show, besides a glass transition an additional meltingtgdi). The line width of 53
Hz is comparable to the standard adamantanegkioMmBEO3]. On the contrary, PVPA
shows a broad line width with a poor resolution. Notably,¢bgesponding3C{1H} CP
MAS NMR spectrum of PE21-PA obtained abovg fEveals three resonances at 33.2,
31.7, and 28.8 ppm. These signals can all be assigned to tlyengrobackbone,
depending on the distance to the PA branching. The signal pp& corresponds to the
CH branching group and consequently is more intense in PEGBv®APE21-PA. Below
Ty, however, the Chigroups show a poor resolution in both PE9-PA and PE21-PA. Yao
et al. have assigned the crystalline part of PE signal 83 ppm and the amorphous to
~ 31 ppm [Yao 07]. Therefore, the thermal behavior in PE21-PA may be expthby
the melting of the crystalline part. Two additional new sitghare observed in PE9-Me
and PE21-Me and these are assigned to the methyl group atm@pg the branching
CH group at 40 ppm.

Figure 4.50b shows three single-pufstc{1H} CP MAS NMR spectra, of PE21-PA,
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recorded at different temperatures. A single-pulse erpant with proton decoupling
was chosen to analyze the spectra quantitatively.°&t Idoth the peaks at 33.3 ppm and
~ 31 ppm are present. Deconvolution shows an amount of 18%atltged phase. This
amount decreases with increasing temperature until nakigteft when the temperature
exceeds the glass transition {£5. After the first heating and cooling the percentage
rises to 33% at room temperature. This indicates that th&taiyne part is higher when
the sample is cooled down from melt than by precipitatiomfisolution, similarly to the
reported results of PE A0 07]. Consequently, as expected, the morphology of PE21-PA
is mainly affected by the PE part and not by the PA inserts.olmrast, PE9-PA shows a
broad amorphous peak below itg &nd does not exhibit a sharp peak-a83 ppm, see
Figure 4.50a. By increasing the temperature above ghee Getter resolution is obtained.
Thus, the crystalline part is difficult to determine whichaigontrary to PE9-Me [WI
09]. This might also be due to the limited resolution as alteguhe broad peaks.

With the above results, one can see that the kind and the nuohbidefects” in PE
with PA can affect the morphology of the polymer significgntin literature there are
more PE polymers with specifically introduced side groupe €ffects of their different
properties on the morphology are obtained by comparing thermal behavior. A good
indicator is the presence or absence of a melting point.eTald shows the data of the
polymers already discussed above, including some exarfiplediterature.

The polar character of the introduced imperfections migiveha strong impact on the
morphology. Therefore, polymers containing differentdarof groups, such as unpolar
methylene or polar chloride, have been compared with PEFR#ticularly, the effect
of an increased number of possible hydrogen bonds have lhedied Theoretically
two hydrogen bonds are formed by carboxylic (PE-CA) and thtmge@hosphonic acid
compounds. It is also highly likely that hydrogen bonds cammf among the chains
which also is supported by NMR results. This would prevemt BE crystallization.
Consequently, one can observe a transition in the PE-CA asawellthe PE-PA polymer
from the amorphous PE9-CA/PA to the semi-crystalline PE21RBApolymer. All
polymers containing chloride (PE-CI) show which decreases with increasing amount
of Cl. They are also characterized by being semi-crystaimthe PE-Me polymers.

Therefore, one can conclude that not only the polarity of déitiached groups but
also the ability to form hydrogen bonds affects the morpgplof the polymer. Fur-
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a)
PVPA
RT
PE21-PA b)
0°C
+60°C
PE9-PA \
0°C
+60°C
PE21-Me 40 35 30 25 20
RT ppm
PE9-Me
-30°C
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Figure 4.50: 23C{1H} CP MAS NMR spectra at 20 kHz spinning (125.8 MHz, 11.4 T and 213.8
MHz, 19.9 T) from top to bottom of a) PVPA (RT), PE21-PA (0 andGPPE9-PA
(-30 and 60C), PE21-Me (RT), PE9-Me (-30C)*, PE (RT); *[WEI 09]

b) PE21-PA: OC (black), 30C (dark grey) and 8TC (light grey)

thermore, it seems that the spacer can be used to changestheatland morphological
behavior in a stepwise manner. The higher flexibility, hosrevwloes not enhance the
proton conductivity significantly even with locally higherdered structures comparable
to PVPA.

4.6.2 Local structure from 1H and 3P MAS NMR

Assuming that the proton transport depends on the locattsiil the first step in
the analysis is to reveal it. Although, the resolution of thkesolid-state NMR is rather
poor in this particular case, it provides fast preliminarformation. In Figure 4.51, the
1H and3!P MAS NMR spectra of all three PVPA containing samples arepamed. The
IH MAS NMR spectra show two peaks located at 9.8 ppm and 1.4 pging PE21-PA
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Polymer | Tq[°C]@ | Tm[°C] | EN[']
PVPA [0 -23 - 2.65
PE9-PA 25 — 2.65
PE21-PA 25 71 2.65
PE21-Mé" —44 62 2.40
PE9-Mel —43 -9 2.40
PE[ - 133 —

PE9-CAl 22 — 2.85
PE21-CAld — 45 2.85
PE9-CI® - 41 3.00
PE21-Cl¢ - 81 3.00

Table 4.5: Glass transition §, melting point T, and electronegativit{EN of the different poly-
mers: [a] from DSC; [b] [&VIL 04];
[c] [WEI09]; [d] [BAUGHMAN 07]; [e] [ALAMO 08]; [f] The different electronegativ-
ities were calculated for all groups using
http: //pagesunibasch/md pi/ecso¢e0002/calelecghtm

as an example, as shown in Figure 4.51a. The resonance gprh.4dsmssigned to the
polymer backbone and the peak at 9.8 ppm to the hydrogenedopibtons of the PA
unit. Integration of both signals corresponds to the exgzkquantitative ratios in all three
samples. This ensures that further measurements refleatidhgroups in its protonated
form.

In both thelH and 3P NMR spectra a line narrowing from PVPA (black) to PE9-PA
(dark grey), and PE21-PA (light grey) can be observed. Té&rs to be due to the
dilution and equalization of the chemical surroundingsdach PA group. The decrease
of intensity from PE9-PA to PE21-PA of the PA correspondireplp at 9.8 ppm is
guantitatively correlated to the number of PA per repatitinit.

Since a matter of interest is the proton conductivity it seemasonable to com-
pare the activation energy obtained from VM MAS NMR spectra. The question is
whether the separated phosphonic acids show similar #otvaehavior as PVPA. This
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6 3 0 3 45 30 15
Ppm ppm
Figure 4.51: Comparing PVPA (black) with PE9-PA (dark grey) and PE21-PA (ligbyyr
a)'H MAS NMR at 30 kHz spinning (700.1 MHz, 16.4 T) and T =20
b) 3P MAS NMR spectra at 20 kHz spinning (202.5 MHz, 11.7 T) of PVPA &30
PE9-PA and PE21-PA at 2C.

15 12 9

would indicate that either the acidic groups form clusterthe activation energy would
not describe the actual transport of protons.

The activation energy of the local motion is obtained by gering VT 'H MAS NMR
experiments. The chosen temperature range must be bglavhi€h is around 25C for
both PE9-PA and PE21-PA. The glass transition points haea determined using DSC
measurements [RPERQ9].

Figure 4.53 shows the VEH and 3P MAS NMR spectra of PE9-PA and PE21-
PA. In the temperature range beloy, The phosphonic acid signal at 9.8 ppm displays a
significant line narrowing. This means that the motion readhe fast limit and thereby
fulfills the assumptions of the RRHENIUSequation as explained in chapter 2.2.5. Above
Ty the signal intensity decreases due to the faster motion eaklto a signal loss in
solid-state NMR, i.e. in the intermediate regime of motioE9HPA and PE21-PA show
activation energiesH) of 20 and 30 kJ/mol, see Figure 4.52 which is in the range of
PVPA 25 kJ/mol [LEE 07]. Activation energies obtained from impedance spectpg
(IS) reveal slightly higher values of 46 and 48 kJ/mol. Thealees are roughly the same
for PE9-PA, PE21-PA and PVPA (45 kJ/mol). On the other hahd,donductivity of
the PE9-PA and PE21-PA at 18D shows an insulator like values ofl®° S/cm and
1.10~ 7 S/cm respectively, two orders of magnitude smaller tharotitained value from
PVPA 210°° S/cm [BINGOEL 07]. Combining these results suggest that the bulk proton
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Figure 4.52: The ARRHENIUSplot shows the change in line width again the inverse temperature.
From the slope th&, is extracted shown for a) PE9-PA and b) PE21-PA.

conductivity is decreased due to the dilution of the PA in ploéymer. TheEa on the
other hand, stays rather constant suggesting that therpihoimping might be due to inter
chain interactions [EE 07].

Additionally, one can reveal information about the overalbtion of the polymer by
comparing VTIH with the31P MAS NMR measurements. If tiéP MAS NMR signal
is not affected by the temperature shift there is no incetas@in motion. This in
turn would mean that a narrowing of the proton correspondiggal is based on local
increase of motion. In the case of tA> MAS NMR spectra two types of motional
processes can lead to line narrowing due to reorientatiorfofroups or hopping of
acidic protons. The latter averages the dipolar coupling®en3!P and'H and probing
this interaction. Lee et al. found evidence that the fastdyios is most likely based on
acidic protons hopping in PVPA [tE 07]. Figure 4.51b showd'P MAS NMR for four
different temperatures: belowy{-25°C and 24C) and above § (43°C and 63C). In
the observed temperature range a significant line narrondrte 3P signal is found,
both below and abovegl Consequently, this shows that in the same temperature,range
compared to the analyzed proton signal narrowing, the gimsps signal does show a
similar behavior. Therefore, the activation energy mighit exclusively be assigned to
fast dynamic proton motion.

Supporting the assumption of cluster formation a singlenaigat 32 ppm is ob-
served in theélP NMR spectrum of PE9-PA at 63. This may be attributed to a small



118 Chapter 4. Phosphonic acid containing ionomers

b)

"

e e
50 45 40 35 30 25 20 ppm

C) d)

45 40 35 30 25 ppm

Figure 4.53: Variable temperature experiment for PV9-PA a,b and PV21-PA c,d
a) 'H MAS NMR spectra at 30 kHz spinning (850.1 MHz, 19.9 T) starting from the
bottom at 13 towards 68 in steps of 1€C.
b) 3P MAS NMR spectra at 20 kHz spinning (202.5 MHz, 11.4 T) starting from the
bottom at 4 and 24C (dark grey) until 43 and 6&(black).
¢)'H MAS NMR spectra at 30 kHz spinning (700.1 MHz, 16.4 T) starting from the
bottom at 23 towards 6% in steps of 10C.
d) 3P MAS NMR spectra at 20 kHz spinning (202.5 MHz, 11.4 T) starting from the
bottom at -25 and 24 (dark grey), 43 and 68 (black).
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amount of anhydride (0.4%) which could not be anticipatedhasdilution is already
quite high compared to PVPA. Moreover, PE21-PA does not shasignal supporting
the dilution argument. The term "cluster formation" as it $&di in this work describes
the hydrophilic attempt of the PA groups to arrange closathether.

Since PE9-PA and PE21-PA show similar line narrowing bedraun the proton
spectrum, it seems that the spacer in the chain does not hsigaificant influence on
theEa. This may be explained in two different ways. Either the deteedEa does not
describe the proton hopping or the polymer forms phosplamid clusters which enable
an internal hopping. Due to the conductivity data discusdsal/e the last assumption
seems to be much more probable. A possible formation of declusight be similar to
that in PE with regularly spaced carboxylic acid side grdi»sJGHMAN 07].

In this model, two PA groups would array face-to-face. Thesnfation could be
supported by théH —1H DQF MAS NMR 2D spectrum of PE9-PA at low temperature,

a) B D

/7

D+D
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. +D,
D+D

Figure 4.54:'H —1H DQ-SQ MAS NMR 2D spectrum recorded at 29762 Hz spinning (700.1
MHz, 16.4 T). PE9-PA at a) -2& and b) 52C acquired under the following exper-
imental conditionsT eyc) = 33.6y s, 2048 t1 increments in the indirect dimension
at steps of 16.8 s, relaxation delay 4 s, 224 transients per increment. Twelve posi-
tive contour levels between 0.7% (5.4)% and 96.6% (82.7%) of the maximukn pea
intensity were plotted. The projection in the direct dimension is shown on the top.

see Figure 4.54a. It shows not only cross peaks betweenigtatt backbone and the
PA protons as expected but also include an auto peak of the®ans. Actually, this
spectrum might even reveal three autocorrelation peakshnamas not been correlated
with different sites yet. The presence of these sites inegcéhat they are located in
different surroundings. X-Ray diffraction might be a stagtipoint for further clarifica-
tion. While PE9-PA shows these three signals and the autotheglcannot be found in
PE21-PA, as illustrated in Figure 4.55. This is an indiaativat due to dilution of PA the
formation of clusters is not in the detectable range 4.54b.

In addition, the*'P MAS NMR spectrum of PE9-PA shows a resonance with a linehwidt
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Figure 4.55:'H —1H DQ-SQ MAS NMR 2D spectrum recorded at 29762 Hz spinning (850.1
MHz, 19.9 T) of PE21-PA at -I% acquired under the following experimental con-
ditions: T(exe) = 33.6U s, 2048 t1 increments in the indirect dimension at steps of
16.8u s, relaxation delay 4 s, 224 transients per increment. Sixteen positivauconto
levels between 1.6% and 85.1% of the maximum peak intensity were plotted. The
projection in the direct dimension is shown on the top.

of 1050 Hz comparable to that of PVPA with 900 Hz, both recdrde20C . This is a
further indication that the PE9-PA behaves similarly to RVPE21-PA in contrast has a
line width of less than half of it, as shown in Figure 4.51. Agis might be interpreted
by the statistical argument of dilution. In contrast to thenikrities mentioned, the
31p chemical shift of both samples, PE9-PA and PE21-PA, coeapiar PVPA is shifted

3 ppm to higher ppm values, see Figure 4.51b. Notably, itri®at identical chemical
shift observed in liquid and solid-staté® MAS NMR spectra, which is not a common
observation. In the solid-statP MAS NMR spectra presented in chapter 3.1 the
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samples showed a shift of about +10 ppm with respect to thedlistate NMR signals
[HARRIS 89]. This is a further indication that the spacd@utesthe PA in PE.
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4.7 Conclusions

The structures of PVBPA-P4VP acid-base copolymer complages been studied
by various solid-state MAS NMR techniques at different hdityi and temperature
conditions. ThereforelH and 3P were measured and analyzed. The characterized
acid/base copolymer electrolytes provide a new designdioieaing proton conductivity.
The anhydrous proton conductivities of the copolymers ang Vow. A minimum is
reached at a 1:1 molar ratio of proton donors and acceptopgrm the copolymer. This
is at the same time the maximum value of activation enelgy &t a 1:1 molar ratio of
proton donors and acceptor groups and explains the mininmnductivity. The idea of
essentially water free environments at elevated tempesitoas to be reviewed since
the data show mainly a water dependency. Exposing the sam@entrolled relative
humidity shows that even small amounts of water in these lgapgrs can significantly
increase the proton conductivity. This is explained by bibth increase of the PA
mobility and enhancement of the charge carrier densityemtilymers due to the water.
This has been observed for PVPA where one water moleculeoisgénto increase the
bulk proton conductivity by several orders of magnitude\[KBeITzEL 07]. Here, the
results suggest, that the water acts as intermediate tcAthar Fhe proton transport.

Furthermore, it was outlined how spacers, inserted betwmetogenic groups in
the backbone of a polymer influence the proton conductivifihe information was
revealed by applying solid-state NMR methods, such as eipglselH, 13C, 31p as
well as 2DH-1H DQ-SQ spectroscopy. The spatial proximity of the acid gsin
the polymer was monitored by 2BH-'H DQ-SQ NMR. It was found that the dilution
in this case decreases the conductivity as expected. NMeless, the diluted systems
show similar activation energies in both ViH MAS NMR and impedance spectroscopy.
Thus, these resultS suggest that in diluted systems therpnattion is still present with
comparable activation energies. Since they form phosglemid clusters, this motion is
localized and therefore does not contribute to the bulk aotidty.
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Chapter 5
Summary

In this work, new proton conducting materials have been attarized in terms
of their structure and dynamics using solid-state nucleagmetic resonance (NMR)
spectroscopy and X-ray diffraction. Different structupabperties have been analyzed
systematically on various materials containing phosphaid (PA) as the protogenic
group. Itis known that the amphoteric character of phosfhatid enhances the proton
conductivity. Therefore, samples possibly suitable as branes in high-temperature
operation of fuel cells ($100°C) have been evaluated. Various solid-state NMR
methods have been applied to elucidate both the moleculartste and to reveal the
mechanism of observable bulk proton conductivity. For thisposeH and3P magic
angle spinning (MAS) NMR methods have been particular dsafid have provided
insight into local connectivities and hydrogen bondingvueks. Packing arrangements
have been identified by means of heteronuclear dipolar pitmutechniques. In
addition, the dynamics of the protogenic PA units have beebar by’H MAS NMR.

lonomers

The central part of this work is devoted to low molecular virtigromatic compounds,
containing several units of PA, hence, are called ionom&w different geometrical
shapes:LINE, TRIANGLE, SCREW, TETRAHEDRON, SQUARE, and HEXAGON, rather
crystalline compounds, have been investigated, as shomgure 5.1a.

125
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Under dry conditions, both the number and the density of PAaimolecule can
affect the bulk proton conductivity by orders of magnitudBy applying humid con-
ditions, however, the number and density of PA is not degisithe HEXAGON was
identified as the most promising geometrical shape with -teghperature bulk proton
conductivities in the range of 18 S/cm. However, impedance spectroscdpi;,°H, and
31p MAS NMR data suggest a proton transport assisted by themresof incorporated
water. Additionally,3'P MAS NMR spectra combined with thermal gravimetric analysi
connected with mass spectrometer (TGA-MS) data provideartiount of approximately
0.7 incorporated water molecules per PA. Notably, the butkgn conductivity of the
HEXAGON is almost constant at high-temperatures indicating a cexpiechanism of
proton transport different from a simple vehicle mechanidserved for state-of-the-art
membranes, such as Naffén

Thus, the question arises why some geometrical structeses tb better conductivity
than others, even though they contain similar chemical tiesie Hence, the current
investigation involved the impact of the crystal structuxdetably, structural information
from both theTETRAHEDRONandHEXAGON have been obtained. The phosphonic acids
of the TETRAHEDRON form tetrameric clusters isolating the mobile protons wtilie
phosphonic acids in theeXAGON form zigzag-type pathways through the sample, that
are connected by water molecules.

Furthermore, a detailed analysis of variable temperatttdMAS NMR experiments
and several types ofP MAS NMR methods have been conducted. They revealed the
presence of different phosphonic acid sites present indhemers. These different
sites might be due to different PA-water interactions andlar why the activation
energy as observed by NMR is smaller compared to that olutdireem impedance
spectroscopy. The presented low molecular weight orgarystals are promising
materials for polyelectrolyte membranes in the case ofraative applications since they
facilitate hydrogen bonding mediated proton conductimeneat high temperature. The
structure of the hydrogen bonded networks, however, is eenmyplex.
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low molecular weight ionomers
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Figure 5.1: Overview of the investigated proton conducting systems.
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Acid-base concept

The second part of this work demonstrates how acid-basengaand the choice
of appropriate spacers may influence proton conduction. nfestigate this properly,
different ratios of the statistical copolymer poly(vinkilpsphonic acid) and poly(4-
vinylpyridine) (PVBPA-P4VP) have been prepared and charaed, as depicted in
Figure 5.1b. Solid-statéH and 3P MAS NMR have been measured to reveal infor-
mation about the local structure and chemical changes. Wihdeanhydrous proton
conductivities of all statistical copolymers are ratheopohe conductivity increases to a
level of 1072 S/cm when exposing the sample to humidity. Unlike previptisind for
poly (vinylphosphonic acid) (PVPA), anhydride formationPVBPA-P4VP at elevated
temperature is not reversible even when exposing the sato@erelative humidity of
100%. At the expense of proton conductivity, the anhydrakenftion is decreased by
diluting the phosphonic acid amount. A minimum of proton @octivity and maximum
of apparent activation energy of proton motion is reachedmatcid-base molar ratio
of 1:1. This, indicates that the chosen acid base combmdtions a stable salt which
most likely inhibits bulk proton conductivity. All copolyars revealed a fairly high bulk
proton conductivity at higher levels of water content. Heere bulk proton conduction in
essentially water free environments at elevated tempesto this system is apparently
not feasible via this approval.

Spacer concept

In the third class of systems the influence ofspacer on bulk conductivity and
degree of backbone crystallinity was investigated. Spaeer have two main effects
in the system. They can increase the local mobility, and uigidn prevent unwanted
condensation of the PA groups. Unlike in systems such as Ipazimidazole (PBI),
spacers have been inserted between the protogenic graugsthke backbone as shown
in Figure 5.1c. Solid-state NMR methods, suchlss 13C, 3P and single quantum
as well as 1 and 2BH double quantum spectroscopy, revealed information atraut
backbone crystallinity and spatial proximity of phosplwacid groups. As expected
that dilution of the protogenic groups decreases the cdivityc Nevertheless, the
diluted systems exhibit similar apparent activation emsrdpr local motions in both the



129

variable temperaturéH MAS NMR and impedance spectroscopy compared to PVPA.,

These observations suggest the formation of phosphonit cigsters with high local
motion, while this motion does not contribute to the bulktproconductivity. Addition-
ally, it was shown that gradual changes of the spacer leegthtb different morphologies.

Conclusion and Outlook

In summary, combining solid-state NMR techniques likd, °H and 3P MAS
NMR with X-ray analysis and thermometric measurementgjcsiral and dynamic
phenomena in proton conducting materials have been icehtin the molecular level.
These methods are suitable to prove and develop structodision the molecular level
and monitor hydrogen bond formation, condensation, anattsiral stability. The results
have been discussed with respect to different proton cdimtumechanisms and may
contribute to a more rational design and allow tailoring ftpn conducting membranes.
Relating the findings reported here with previous studiesystesns with PA groups
a scenario emerges, where disorder in the lattice and tloepaation of water in the
structure lends to particularly promising proton condurtti

Along these lines future work may incorporate ionomers iat@olymer matrix to
improve the mechanical properties. Here, the questiondvbalif e.g. theHEXAGON
would orientate its aromatic moieties to allow hydrogendemhnetworks, as in PVPA or
the diluted formes PE9-PA. Another approach might be tosiase the number of PA in
an ionomer based on a dendritic approach, e.g. usingd¢ikr&Ewgeometrical shape.
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Additional spectra

17 7
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Figure A.1: 1H solid-state MAS NMR spectra recorded at 30 kHz spinning (700.1 MBZ T)

is shown on the top, below the deconvoluted peaks are plotted and at the blo¢to
liquid spectra in DMSO at 10C (500.2 MHz, 11.7 T) can be seen for
a) SCREWD) TETRAHEDRON
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Figure A.2: 2D 'H—-1H MAS NMR DQ-SQ correlation spectra using spinning frequency of
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29762 Hz (700.1 MHz, 16.4 T) of theEXAGON recorded at -18C and acquired
under the following experimental conditions;e) = 33.6us, 2048 t1 increments

in the indirect dimension for a time step of 18, a relaxation delay of 10 s, and
148 transients per increment. Sixteen positive contour levels are shawedrel %

and 95% of the maximum peak intensity are plotted. The projection of the direct
dimension is shown on the top.
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Figure A.3: TGA measurement of the gQuAREand the blsCREW.
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Appendix B

Methods

Solid State NMR

The'H MAS NMR experiments were performed either on a Brucker Aea00 or Avance-lIl 850
spectrometer, equipped with a 2.5 mm fast MAS probe.*AIMAS NMR spectra were acquired at spin-
ning frequencies of 30 kHz, whereas double quantum reqainegation of 29762 Hz3P MAS NMR
experiments were carried out at an operating frequency 2620Hz on a Brucker ASX500 spectrometer,
equipped with a 2.5 mm fast MAS probe. The spinning frequeshgiere either 15 kHz or 20 kHZ3C CP
MAS NMR spectra were acquired at an operating frequency 6f8L®1Hz or 213.8 MHz on a Brucker
ASX500 or Avance-lll 850MHz spectrometer, respectivelyléss stated otherwise, all spectra were col-
lected at room temperature, which leads to a sample tenmypernap to 40-50C due to the frictional heat at
high spinning frequency. Other temperatures were caledbaith the formula in equation B.1.

T[Klreal = —12.1+ 1.019% T [K]isplay+ 0.62% wr — 0.0023+ T [K]gisplay* Wr + 0.0364+ 0% (B.1)

1H, 2H, 13C and®'P static and MAS NMR experiments were carried out on Brukecspmeter as listed
in table B.1. In solid-state NMR external references arel tisealilbrate the chemical shift value.

Each nucleus has commonly used substances with known chleshifts as listed in table B.2. Three
different sizes of rotos were used, 2.5 and 4 mm dependindy@tkind of experiment.!H and double
guantum filtered (DQF) NMR spectra were recorded either 8tI76r 850.1 MHz at a spinning speed of
30 kHz or 29762 Hz respectivelyH MAS spectra and static at 107.5 MHz for slow spinning speet a
kHz and fast at 20 kHZ3C CP MAS at 125.8 and REPT-HDOR at 213.8 with a spinning spe28 kHz.
31p MAS spectra mainly at 202.5 MHz rotating at 20 kHz and stitit21.5 MHz.

135
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Table B.1: Lamor frequencies for measured nuclei at different spectrometer

wL w(*H) | w(?H) | w(*3C) | w(3'P)
console
AV 300.1 | 46.0 755 | 1215
ASX 500.1| 76.8 | 125.8 | 202.5
Avance-l | 700.1 | 107.5| 176.1 | 283.4
Avance-lll | 850.1 | 130.5| 213.8 | 344.1

nucleus substance | Reference peak [ppm] Literature
1H TTSS 0.27 MUNTEANS8
2H DMS 3.15 HESSE5
3¢ Adamantane 29.456 MORKOMBEO3
3lp MAS | CaHPQ % 2H,0O 1.4 AUE84
31p static| 85%HsPOy 0 HESSEO5

Table B.2: Reference substances for solid-state NMR spectroscopy

Impediance Spectroscopy

Bulk proton conductivity under defined relative humidity regrovided by Anke Kaltbeitzel. Using
dielectric spectroscopy covering a frequency range of16 10 °Hz aligned in a two-electrode geometry
and equipped with an SI 1260 impedance/gain-phase anaRmaion conductivity depends drastically on
the relative humidity (RH) during the measurement. Conegplirty measurements where provided after
heating the sample under vacuum atG@or 4 days. The control of the RH during the measurement was
obtained by mixing dry nitrogen with humidity saturatedogien and controlled using a Sensiron SHT15
sensor.

For the measurement the samples were pressed to tabletsttanded via an E-tek(R) contact to a
stainless steel electrodes. Evaluation was done bypateBplot where conductivityS+cm~1] is plotted
against frequency [Hz]. Each measurement shows a platearewine AC conductivity is independent of
the frequency. This value extrapolated against 0 which defines the DC conductivity. This showed the
same results as obtained by @&-CoLE plot [COLE 41] which double checks this method. The same
analyzer was used for the measurements under dry condifibispellets were placed on a gold electrode.
The temperature program was set to 10 minutes for the heatiddlO minutes for measuring and it was
controlled using dry nitrogen gas. This measurements wenédged from Christoph Siebert.



Appendix 137

Thermal Gravimetric Analysis TGA

Thermal gravimetric analysis was performed on a TGA/SDTAEMETTLER TOLEDO) under
nitrogen with a heating rate of K/min. The mass spectromesarset to detect one single molecular weight
e.g. 18 g/mol for water. The samples were dried in advancatfi@ast two days in a vacuum oven at60

Differential Scanning Calorimetric DSC

DSC was performed on a DSC 822 (METTLER TOLEDO) undemith a heating rate of 10 K/min.

Car-Parrinello molecular dynamics

For calculation, a simplified model systems, based on theiorerd X-ray data was built representing
several different local packing arrangements. The model®wesigned foab initio calculations under
periodic boundary conditions. This limits the amount ofodéker which can be incorporated due to high
computational times. We useb initio Car-Parrinello molecular dynamics (CPMD) simulations &gra-
peratures of -20, 30, 80, and T& Properties required for the calculation of NMR chemidafts and
NICS maps can be computed efficiently in reciprocal spacep@ee). The fast Fourier transform tech-
nigues is used to switch to direct space and vice versa. Thé”Bixchange and correlation functional
and Goedecker-Teter-Hutter pseudo potentials with theedéson correction for carbon atoms were used
together with a plane-wave cutoff of 70 Ry for all atoms. lesypercells, typically 20 Ax 20 Ax 20 A or
larger, were used to isolate the molecules from their périosage and to avoid overlay of the NICS fields.
Therefore, the NICS maps can be considered to be corregivelrere except at positions closer than about
0.5 A to heavy atoms. Notably, the time scale reached withathaitio simulations was in the order of
ps. Possible conformational fluctuations, however, migivehcharacteristic times of ms or longer. Thus,
the CPMD simulations rather yielded a sampling of the lodsge space point at which the system was
initially prepared. In order to learn about the spectrogcsjgnatures of the packing motifs full trajectories
were sampled with calculations of NMR resonances. For thipgse, 15 snapshots at random times within
the trajectory were taken. In addition to the average chelsiuifts of the protons and carbon atoms, their
standard deviations have been computed. This makes itg@ssicharacterize the strength of the effect of
small geometric fluctuations on the distribution of NMR chieahshifts.
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Appendix C

Pulse program

Single-Pulse Experiment

#include <Avance.incl>
1ze 2d1 pl1:fl 3 p1 phl
go=2 ph31

wr #0

exit

ph0=0

phl1=0123
ph31=0123

Solid Echo

10upll:fllze2dl31u
(p1 phl):f1

dé

(p1 ph2):f1

d7

go=2 ph31

wr #0

exit

phO =0
ph1=03210321

139

ph2=32101032
ph31=32103210

CP-Solid Echo

;high power cross polarization sequence

;using two proton power levels for CP and decou-
pling

#include <Avance.incl>
;"d3=d2+p11*0.5-de+dw*0.5-4u"

1 ze 2 d1 do:f2
1m pl1:f1 pl2:f2
(p2 ph1):f2

2u

(p15 ph2):f1 (p15 ph3):f2
d2 pl11:f1

(p11 ph4):f1

d3

2u pl12:f2

2u cpd2:f2
go=2 ph31

2u do:f2

wr #0

exit

ph1=13
ph2=00112233

ph3=0
ph4=0213203113203102203102133
1021320

ph31=0213203120310213

CP-RAMP

#include <Avance.incl>
1 ze 2 d1 do:f2

3u pll:f1

3u pl22:f2



140

Appendix

(p3 phl):f2

2u pl2:f2

(p15:sp0 ph2):f1 (p15 ph3):f2
4u

;2u pl11:f1 ;additional X pulse
;(p1 ph4):f1 ;for adjustment
2u pl12:2

2u cpd2:f2

go=2 ph31

2u do:f2

wr #0

exit

phl1=13
ph2=00112233

ph3=0

ph4=11223300
ph31=02132031

BaBa presaturated 1tR.1d

;Ns=16*n

#include <Avance.incl>
"d3=1s/(2*cnst31)-2*pl"

;d7: z-filter ;p1: 90 pulse ;pll: proton power
1ze

1m pll:fl

2 (p1 ph20:f1 ;saturation comb
13m

(p1 ph23:f1

m

(p1 pth:fl

Im

(p1 ph23:f1

3m

loto 2 times 8

dl

3 pl phO ;exc.

d3

pl ph2

plphl

d3

pl ph3

do;ta

4 pl phl0 ;rec.

d3

pl phl2

plphll

d3

pl phl3

d7 ;z-filter

pl ph3l

go=2 ph30

wr #0
exitph0=(8)0246
phl1=(8)2460
ph2=(8)4602
ph3=(8)6024
ph10=0

phli=1

ph12=2

ph13=3
ph30=0202202013133131
ph31=0000222211113333
ph20=0123
ph21=1230
ph22=2301
ph23=3012

BaBa presaturated 1tR.2d
;ns=16*n ;MC2=States-TPPI

#include <Avance.incl>
"d3=1s/2*cnst31-2*pl"

;enst31: spinning rate ;pl: high-power pi/2 pulse

;pl1: proton power ;d7: z-filter

define loopcounter nfid "nfid=td1/2" ;compute hum-

ber of t1 increments

1ze

10u pl1:f1

2 (pl ph2(5:f1 ;saturation comb
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13m

(p1 phzj:fl
m

(p1 ph23:f1
Im

(p1 ph23:f1
3m

loto 2 times 8
dl

3 p1 phO ;exc.
d3

pl ph2
plphl

d3

plph3

do;t1

4 pl phl0 ;rec.
d3

pl phl2
plphll

d3

pl phl3

d7

pl ph31l
go=2 ph30

10m wr #0 if #0 zd

1mip0

Imipl

1mip2

Imip3

loto 2 times 2
1mid0

lo to 2 times nfid
exit
ph0=(8)0246
phl1=(8)2460
ph2=(8)4602
ph3=(8)6024
ph10=0
phll=1

phl2=2

ph13=3
ph30=0202202013133131
ph31=0000222211113333
ph20=0123

ph21=1230

ph22=2301

ph23=3012

REPT-HSQC.1d

#include <Avance.incl>

"p2=pl1*2" "d4=1s/(cnst31*2)-p1*2" "d11=1s/(cnst31*2)-
p1*1.5"
"d12=1s/(cnst31*2)-p1*2.5" ;"d0=1s*10/(cnst31)"
;110 neq 0 -> gated HDOR

1ze

2 d1 do:f2

10u pl1:f1 pl2:f2

3 (pl ph2(5:f1 ; saturate carbons ...
9m

(p1 ph23:f1

m

(p1 ph22:f1

Im

(p1 ph23:f1

2.5m

loto 3times 4

d5 ; dephase

(p1 phl):f2 ; excitation

d4

4 (p2 ph6):f1

d4

(p2 ph7):f1

d4

loto 4 times 11

5 (p2 ph6):f1

d4

loto5times|0

(p2 ph8):f2
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6 d4

(p2 ph6):f1

d4

(p2 ph7):f1

lo to 6 times |11

7d4

(p2 ph6):f1

loto 7 times 10

d12

(dO p1 ph2):f1 (p1 ph3):f2 ; INEPT-transfer
di1

8 (p2 ph6):f2

d4

(p2 ph7):f2

d4

loto 8 times I2

9 (p2 ph6):f2

d4

loto 9times I0

(p2 ph9):f1

d4

10 (p2 ph6):f2

d4

(p2 ph7):f2

d4

lo to 10 times 12

11 (p2 ph6):f2

d4

loto 11 times 10

(pl ph4):f1; end rec.
d6 pl12:f2 ; set dec. power and dephase;
2u cw:f2

2u cpd2:f2

(pl phb5):fl; read out
go=2 ph31 ; acquire
2m do:f2

30m wr #0

exit
phl=0213203120310213
ph2=13203102

ph3=11223300

ph4=22330011
ph5=0011223322330011

ph6=0

ph7=1

ph8=13203102; central 1H rcpl.refocus
ph9=2031021 3; central 13C rcpl.refocus
;ph31=11003322

ph31=11223300

ph20=0123

ph21=1230

ph22=2301

ph23=3012

REPT-HSQC.2d

#include <Avance.incl>

"p2=plx2"d4 = (0.5s/cnsBl) — plx2"
131 = nur/10(16Bit — Limit forloopcounter$
"d11= (0.5s/cnsB31) — p1x1.5”
"I1=(15-1)/2"12=11"10=15-1—11%2"
;10 : REDOR recoupling time = tr*(2*L1+L0+1)
;11 : REDOR recoupling time = tr*(2*L1+L0+1)

;12 : for most cases L2 = L1 unless assymetric trans-

fer

;15 : REDOR recoupling time intr >0 !
1ze 2d1 do:f2

;1u fg=cnst22:f2

10u pl1:f1 pl2:f2

3 (pl ph20:f1 ; saturate carbons ...
13m

(p1 ph2i:f1

m

(p1 ph23:f1

Im

(p1 ph2€§:f1

3m

loto 3times 4

d5 ; dephase

(p1 phl):f2 ; excitation
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d4

4 (p2 ph6):fltexc(Ll) = 2« trotors (L1+ 1)
d4

(p2 ph7):f1

d4

loto 4 times |1

5 (p2 ph6):f1

d4

loto5times |0

(p2 ph8):f2

6 d4

(p2 ph6):f1

d4

(p2 ph7):f1

loto 6 times 11

7d4

(p2 ph6):f1

loto 7 times 10
d11; end excitation
do;tl

(p1 ph2):f1 (p1 ph3):f2 ; reconversion
di1

8 (p2 ph6):f2 treqLl) = texc(L1)
d4

(p2 ph7):f2

d4

loto 8 times I2

9 (p2 ph6):f2

d4

loto 9times |0

(p2 ph9):f1

d4

10 (p2 ph6):f2

d4

(p2 ph7):f2

d4

lo to 10 times 12

11 (p2 ph6):f2

d4

loto 11 times 10

(p1 ph4):f1; end rec.

d6 pl12:f2 ; set dec. power and dephase
(p1 ph5):f1 ; read out

go=2 ph31 cpd2:f2 ; acquire

2m do:f2

30m wr #0 if #0 zd

1midO;inc. t1

1mip3; TPPI

lo to 2 times td1

exit

ph1=0213203120310213
ph2=13203102
ph3=11223300
ph4=22330011
ph5=0011223322330011
ph6=0

ph7=1

ph8=13203102; central 1H rcpl.refocus
ph9=2031021 3; central 13C rcpl.refocus
ph31=11003322
ph31=11223300

ph20=0123

ph21=1230

ph22=2301

ph23=3012

REPT-HDOR

#include <Avance.incl>"p2=p1*2" "d4=(0.5s/cnst31)-
p1*2"

;131 =vR /10 (16 Bit-Limit for loop counters)
"d11=(0.5s/cnst31)-p1"
"d12=(0.5s/cnst31)-p1*1.5"

"d13=0.5*p1" "I1=(I5-1)/2"

"l0=I5-1-11*2" 1 ze

2 d1 do:f2

;1u fq=cnst22:f2

10u pl1:f1 pl2:f2

3 (p1 ph20:f1 ; saturate carbons ...

13m
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(p1 ph2d:f1

m

(p1 ph23:f1

Im

(p1 ph23:f1

3m

loto 3times 4

d5 ; dephase

(p1 phl):f2 ; excitation
di1

4 (p2 ph6):fl ;t exc (L1) =2 *t Rotor * (L1 +1)
d4

(p2 ph7):f1

d4

loto 4 times |1

5 (p2 ph6):f1

d4

loto 5times 10

(p2 ph8):f2

6 d4

(p2 ph6):f1

d4

(p2 ph7):f1

lo to 6 times |11

7 d4

(p2 ph6):f1

loto 7 times 10

d12 ; end excitation
(dO p1 ph2):f1 (p1 ph3):f2 ; transfer
d12 ; reconversion

8 (p2 ph6):f2 ; trec (L1) =texc (L1)
d4

(p2 ph7):f2

d4

loto 8 times |1

9 (p2 ph6):f2

d4

loto 9 times 10

(p2 ph9):f1

d4

10 (p2 ph6):f2

d4

(p2 ph7):f2

d4

loto 10 times 11

11 (p2 ph6):f2

d4

loto 11 times 10

d13

(p1 ph4):f1 ; end rec.

d6 pl12:f2 ; set dec. power and dephase
(p1 ph5):f1 ; read out

go=2 ph31 cpd2:f2 ; acquire
2m do:f2

30m wr #0 if #0 zd

1midO ;incrtl

lo to 2 times td1

exit

phl=0213203120310213
ph2=13203102

ph3=11223300

ph4=22330011
ph5=0011223322330011

ph6=0

ph7=1

ph8=13203102; central 1H rcpl.refocus
ph9=20310213; central 13C rcpl.refocus
ph31=11223300;

sat comb ph20=0123

ph21=1230

ph22=2301

ph23=3012

SUPER

;without toss. ;recoupling of CSA by 2*360deg
pulses ;1d test version

define loopcounter td1half "14=0"

;initial t1 (?7?) "p2=2*pl" "p22=(1s/cnst31)*(1.0/24.24)
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;pulse for 360deg/2 rotations "td1half=td1/2"

; for STATES cosine/sine

d22
d22

"d21=(1s/cnst31)*0.2464-1u" ; start position olu pl23:f2

4*180deg pulses

(p22 ph14:f1 ; 360deg/2 pulse

"d22=(0.5s/cnst31)-4*p22-d21-2u"; rest of tR/2 ifp22 ph15:f1 ; 360deg/2 pulse

CSA recoupling

"d25=(1s/cnst31)*0.1226-p1" ; TOSS delays

(p22 ph12:f1 ; 360deg/2 pulse
(p22 phli}:fl ; 360deg/2 pulse

"d26=(1s/cnst31)*0.0773-2*p1" "d27=(1s/cnst31)*DBAR2:f2

2*pl1"

d21 pl1:f1; finish 1 tR

"d28=(1s/cnst31)*1.0433-2*p1" "d29=(1s/cnst31)*. 3G 8 times 14

p1-d13"

"in6=(1s/cnst31)/15" "in0=(1s/cnst31)*0.155"

"d0=(1s/cnst31)*0.155"
1ze
2d1

dO rppl2 ; reset 2*360deg phase supercycles

rppl3

rppl4d

rppls

10u pl2:f2 pl3:f1

3u

p3:f2 phl; 1H 90deg

3u

#ifdef rampCP

(p15:sp0 ph2):f1 (p15 ph10):f2 ; CP
2u

#endif #ifndef rampCP

(p15 ph2):f1 (p15 phl10):f2 ; CP
#endif

2u

; pl1:fl

2u cw:f2

1lu pl22:f2

3d21 pl21:f1

pl:fl ph7 ; store

d6 do:f2 ; z-filter and gamma-integral
1lu cpd2:f2 ; TPPM decoupling during acq.
lu pl12:f2

pl:f1 ph8 ; read out

d25; ...

p2:f1 ph3

d26

p2:f1 ph4

d27

p2:f1 ph5

d28

p2:f1 ph6

d29; ... TOSS

go=2 ph31

3m do:f2

id6

loto 2 times I5 ; gamma-integral
4dd

lo to 4 times |5 ; decrement d6 again
30m wr #0 if #0 zd

ip7 ; alternate cosine and sine (STATES)
loto 2 times 2

iu4 ; increment t1

1u pl23:f2 ; increase 1H dec. power during pulsesip7 ; skip -cosine

(p22 ph12):f1 ; 360deg/2 pulse
(p22 ph13):fl1 ; 360deg/2 pulse
(p22 ph14):f1 ; 360deg/2 pulse
(p22 ph15):f1 ; 360deg/2 pulse
1u pl22:f2

ip7 ; skip -sine
lo to 2 times td1half
exit

phO = 0 ; reference phase phl =1 3 ;+y -y ;

1H
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90deg 1st line shifted by one

ph2=00112233;+X +X +y 4y -X -X -y -y ; 31P;ph13=+X +X +y +y -X -X -y -y +X -X +y -y -X +X -y
CP +y ; switch 1st 8 with 2nd 8 ; +x +y -X +y -X -y +X
ph3=11223300;+ty +y -X -X -y -y +X +X ; #1-y -X +Y -X -y +X -y +X Y ; +y +X +Yy -X +Yy -X -y +X

180deg TOSS WY X HY XY XY X Y X X Y Y X XY -y

ph4=33001122;-y-y+X +X +y +y -X -X; #2 +X-X+y -y -X +X -y

ph5=11223300;+y +y -X-X -y -y +X +x 3 3 0;ph14=-X +X -y +Yy +X -X +Y -y -X -X -y -y +X +X +Y

01122;-y-y+xXx+x+y+y-x-x; #3 +y ; =-phl2 ; +X -y +X +y -X +Yy -X -y =X -y +X -y +X
ph6=22110033;-X-X+y +y +X +X -y -y 0 0 3+y -X +y ; +y +X -y +X +Y -X +Y -X -y -X -y +X -y +X
32211 #X+X-y-y-X-Xx+y+y;#4 +Y X ;Y X +X =Y +Y +X =X +Y -y -X -X =Y -y +X +X
ph7 =11223300 ;+ty +y -X -X -y -y +X +X ; +y

z-store after tl1 ;PhL5=-X -X -y -y +X +X +y +Yy -X +X -y +Yy +X -X +Yy
ph8 =33001122;-y-y+x +X+y +y -X -X ; read-y ; = -ph13; -X -y +X -y +X +y -X +Yy +X -y +X +Yy -X
out after z-filter Y X =Y ;Y X Y X -y HX Y -X Y X2y XY -X
ph10=0 ;+x; 1H CP HY =X ; -y =X -X =Y -y X +X +Y +Y -X +X -y +Y +X -X
phl12=0213203100112233 +y

2123030101212303 ph31=02132031
3212303010121230

3021320310011223 RFDR

ph13=0011223302132031 "d2=1s/(cnst31*2)-p1" #ifdef hahnecho "d4=(1s*|4/crigt3
0121230321230301 pl"

1012123032123030 "d7=d4-15*dw" #endif "d5=(1s*I1/cnst31)-p1/2.0"
1001122330213203 "p2=2*p1"

"|30=td1/131" "16=d6/(2*d2+p2)"
ph14=2031021322330011

0301212323030121 1ze
1030121232303012 10u pll:f1
1203102132233001 2 (p1 ph20:f1 ; saturation loop

13m
ph15=2233001120310213 (p1 ph23:f1
2303012103012123 m
3230301210301212 (p1 ph23:f1
3223300112031021 1m

(plphzé:fl

;ph12=+X -X +y -y -X +X -y +y +X +X +y +y -X - 3m

X -y -y ; 180degs for "spin lock" ; -x +y -x -y +x -y lo to 2 times 8
X Y X +Y X +Y -X -y +X -y -y -X +y -X -y +X -y d1rppl0

+X +y +X +y -X +y -X -y +X ; 2nd line shifted by one p1 ph1

P Y X X HY Y X XY Y X X Y +Y X -x -y ;o dO



Appendix

147

pl ph2

d5

3d2

p2 ph10®

d2

loto 3 times 16
d5

3u trignel

pl ph3

#ifdef hahnecho
d4

p2 ph4

d7

#endif hahnecho
go=2 ph31
100m wr #0 if #0
zd

3mipl

loto 2 times 131
1midoO

loto 2 times 130
exit

phl1=00002222
ph2=0
ph3=0123
ph4=1230
ph10=01011010
ph31=01232301
ph20=0123
ph21=1230
ph22=2301
ph23=3012
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