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Application of Electric Fields in NMR
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Summary: Anisotropic orientation states in materials such as liquid
crystals, liquid crystalline polymers or polymeric electrets can be induced
by the application of electric fields. This behaviour is exploited extensively
in displays or sensors. Anisotropic optical properties induced by relatively
high electric field strengths are used in the well known displays made from
liquid crystalline materials. The anisotropy of electric properties in
polymeric materials gives rise to properties such as the high piezoelectricity
of fluorine containing electrets. Attempts have been made to investigate the
orientational state induced by electric fields after poling using NMR
techniques. However, there is only access to the irreversible part of the
electrically induced orientation. In-situ application of (high) voltages during
NMR experiments enables the investigation of the influence of the electric
field on molecular orientational states or electrically-induced morphological
changes. The NMR methods have been modified to investigate the
dynamics of reorientation processes in electric fields and to extend the
possible time range towards belowlms. The application of high voltages in
NMR experiments requires experimental specifications. Some of our
experiences are outlined in this paper.

Introduction

It is well known that organic materials and polymers can change their properties when
exposed to external electrical fields. Many technical applications are based on the
modification of material properties by means of electric fields. Voltage application can
produce either irreversible or reversible effects. Examples are electrically prepared
polymer electrets and the use of liquid crystals in displays. Aim of this contribution is
the discussion of the potential of the use of an additional electric field in NMR
experiments. The main emphasis will be on new methods for the observation of
reorientation processes induced by switched electrical fields. Solid-state NMR
techniques have been modified in order to investigate dynamic molecular effects (e.g.
molecular reorientations) due to simultaneously applied external electric fields on
electrically sensitive materials such as liquid crystals (LC), liquid crystalline polymers

(LCP) [1, 2, 3] and polymeric electrets [4]. The NMR samples are capacitor cells. The
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use of relatively thin systems (10 - 200 um) provides a poor signal-to-noise-ratio.
Additionally, there are demanding technical problems due to the electrical voltage
application. The key to achieve a reasonable signal intensity is the modification of the
NMR experiment exploiting the reversibility of orientational processes in external
fields.

With a capacitor placed in the rf-coil of an NMR-spectrometer it is possible to

investigate reorientational processes in liquid crystalline polymers induced by the static

magnetic field of the spectrometer and the dynamic electric field between the capacitor

plates. The director can be rotated in every desired angle by the simultaneous

application of the electric field as a result of the competing magnetic and electric

torques which are caused by anisotropic material properties. Molecular reorientation

processes with a time resolution down to 5 us were observed.

The dynamics of the process depends strongly on the strength of the electric field (and
of the magnetic field) and on the temperature. The arrangement allows the in situ
measurement of switching times, of the viscosity y, of order parameters etc.

In a series of papers, the methodological development and applications of the use of
electrical fields in NMR experiments have been reported [1-6, 7, 8]. An overview of the

NMR methodology applied on liquid crystalline systems is given by Dong [9]

Theoretical
Typically, the NMR Hamiltonian can be written as a superposition of some
contributions. Examples for the application of electric fields have been given for various

NMR interactions which are summarized in equ. 1
H=H,+ Hy+ Heg+ Hy + Hy )

where H, denotes the Zeeman interaction, H,, the dipolar interaction (homonuclear and
heteronuclear), H.s the chemical shift, /7, the quadrupolar interaction and Hp. the
interaction with the radio frequency pulse. These interactions are, except the Zeeman
interaction, asymmetric. The extent of the effects for the different interactions varies
with the nuclei. The asymmetry is the source of information which can be obtained by
the experiments discussed in the paper. In some cases, one type of interaction dominates

(the homonuclear dipolar interaction for protons, the quadrupolar interaction for
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deuterated materials). A superposition of homonuclear and heteronuclear interaction,
isotropic and anisotropic chemical shift must be taken into consideration for the
fluorinated substances where all contributions are of similar order which complicates
the interpretation. On the other hand, using the versatility of the NMR pulse
experiments, this situation is a source of interesting information [5].

Some formulae are given which illustrate the situation for molecules which rotate (fast)
around a prefered axis which provides some very useful simplifications. The orientation,
e.g. as a consequence of anisotropic magnetic material properties, provides a
macroscopic average alignment of the molecular axes (the so-called director with the
angle @ relatively to B,). Typical systems are liquid crystals and liquid crystalline
polymers in their nematic phase. S is the order parameter which is here only given as a
general product. Then, the line splitting Av due to the dipolar interaction of the
homonuclear spins depends on the relative orientation of the director with respect to the

magnetic field:

2
PGS [3 , 1)
=200 7 = - 2
v 47[(27[) &) 2% P73 )

v is the gyromagnetic ratio, # is Planck’s constant , (r;) denotes the mean distance

between resonating nuclei . The angle ¢ can be calculated from Av. Analogously, for the

quadrupolar interaction (*H NMR) a similar expression can be obtained:

2
Avy =222 (30057 1) 3)
4 h
where g denotes the electric field gradient, ( the quadrupole moment and e the

elementary charge. Chemical shift effects can be discussed by the following equation
5(p)=5,, +%(300s2 ¢7—1)-(§0 —5,.W) 4

d.

. 1S the isotropic chemical shift. ¢ has the same meaning as in equ. (2,3). J, denotes
the chemical shift for the parallel orientation of the director in the nematic phase. It can
be complicate to obtain the isotropic value of the chemical shift for anisotropic systems.
The electric field application is a possible approach to map a complete angular
dependence in such cases where the spontaneous orientation caused by the field of an
NMR-spectrometer would prevent the access to other anisotropy values. The anisotropy

of the chemical shift compared to the dipolar interaction can be neglected for protons in

lower magnetic fields (predominantly used for these studies (2.4 T) ). However, even in
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that case the anisotropic chemical shift effects predicted by equ. (4) can be observed on
static samples for protons when narrowing techniques (multiple pulse) are applied in
order to remove the homonuclear dipolar interaction. Narrowing factors up to 300 could
be achieved which enabled the investigation of the 'TH NMR chemical shift anisotropy
induced by an electric field on a contacted sample [6].

The angle @ can be distributed around a preferred direction (static) or by inhomogeneity
(transient) effects during the reorientation process. In that case the molecular
distributions must be considered [10, 11] in order to use equations (2) —(4).

The orientation of liquid crystals and liquid crystalline polymers in external fields
depends on their anisotropic material properties and the strength of the fields. The

torques which act in an electric and magnetic field on the director » can be written as

A .
T, = %’AgEZ sin(20,) (5) and T, =2—7‘B2 sin(26, ) 6)
(4
T, and T,, are the torques in the electric and magnetic field. As and Ay are the dielectric
and diamagnetic anisotropy. € is the angle between the field (electric field E or

magnetic field B) and the director of the sample. , and &, are the usual natural constants
of the permeability and permittivity of the vacuum. The physical situation is more
complicate when competing fields occur which is the case in the NMR experiments with
electric fields. Some different situations can be distinguished ( e.g. A¢ and Ay are
positive, Figure 1 left, Ae is negative and Ay is positive, right). Additionally, the
effective torque is also affected by the angle « between the two fields which is given by

the orientation of the capacitor relative to the spectrometer field. This angle has to be

known very precisely for a reliable discussion of the experimental data [3].

Fig. 1. Orientation of the director in dependence on the sign of the anisotropies deand Ay . T,
T}y denote the torques according equ. (5,6). The equilibrium orientation depends on the ratio of
the torques.
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The effect on the resulting orientation is extensively described in [3, 5, 7]. An important
advantage of the electric field approach is the possibility to vary the voltage in
magnitude. Experiments with switching magnetic fields in NMR have been presented
[12] but they are limited to relatively low field strengths and need modified NMR
techniques. Starting from defined orientations, given by the orientation in the
spectrometer field or in an effective static field, it is possible to follow orientational
changes. It has been shown that the director dynamics in liquid crystals and liquid
crystalline polymers can be described over many decades of switching times by the

following equation
1\
p(t) = arctan tan(p, ~ @, )-exp| =~ | +0,  (7)
T

where @,; is an equilibrium angle (identical to the static case or for infinite orientation
times), r is the constant describing the reorientation process. The orientation time
constant 7 depends on the experimental conditions (E, B,) and material parameters such
as de, Ay, vy, . The rotational viscosity ¥, is one of the interesting parameters which
can be obtained by this kind of experiments.

In the following, the E-field-technique is applied to materials which are both electrically
and magnetically sensitive. This will be exemplified for liquid crystals and liquid
crystalline polymers which show often simultaneously anisotropic behaviour in electric

and magnetic fields as well.

Experimental

The NMR-experiments have been mainly carried out using a 100 MHz spectrometer
(BRUKER MSL100). However, in principle, different field strengths extent the
valuability of the method. Until now, fields with 60, 100, 300, 400 MHz proton
frequency have been used for the in-situ experiments. A probe with extremely short ring
delay and with improved background conditions operating at 100 MHz 'H frequency
(BRUKER - HP FF 100WB 1H sol5) was used (also for ’F NMR) for the majority of
the experiments. The resonance frequency of 100 MHz is a compromise regarding the
NMR-sensitivity and the concurring effect of the magnetic field strength on the
molecular orientation. The rising influence of the chemical shift at higher magnetic

fields would complicate the interpretation of the spectra. Additionally, magnetically
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caused orientations could hamper the observation of electrically induced effects at
higher fields. However, experiments in higher magnetic fields are possible and have
been successfully carried out. Laboratory-made equipment for realizing a special high
voltage design has been used for the experiments. We achieved an approximately
rectangular shaped 1kV output in the range of 100 ps to 50 ms with rise times of 20 ps.
The rise time of the pulse is almost independent of the pulse magnitude. For longer
duration of voltage application (as used for the switching of polymeric liquid crystals)
concatenated pulses have been applied. Maximum field strengths of about 100 MV/m
can be realized. For highly insulating samples, such as electrets, D.C. voltages can also
be applied up to the order of the breakdown voltage. A cylindrical coil has been used
allowing experiments at different angles. Different shapes of the receiver coil are
possible. However, the sensitivity of the 5 mm coil provides a valuable NMR signal up

to the order of 10 ... 20 pm of electrically connected samples.

R L %

Fig. 2, The equivalent circuit of the system of the contacted sample and the electrical
connections to the voltage supply (leff). The connections and the sample itself provide some
additional electronic features as explained in the text. The right part gives an example of a
capacitor sample in an NMR coil.

The mechanical stability of the electrical contacts can be a very severe problem. Except
some special situations (e.g. for the ,magic angle* narrowing®), the NMR signal is no
useful indication for the voltage on the sample. Several attempts have been made to
prove the connection of the electric wiring with the sample during the in-situ NMR-
experiments, including the measurement of the resistance and the capacity. Due to the
high resistance of the sample material (in the order of some MQ) it is difficult to
measure the difference from the uncontacted case. Similarly, the capacitance of the

sample does not give proof of a stable connection with the sample. We used a method
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with a short electric excitation pulse of the electric system including the capacitor
shaped sample. The observation of the free oscillation behaviour can be used to interpret
the properties of the electric branch of the in-situ experiment. The resonance properties
of the equivalent circuit have been simulated with PSPICE and are in good accordance
with the experimental values. The method can also be used during the running NMR
experiments where the stability requirements of the electric connection in some cases
extend over some days.

The interplay between the wiring and the sample itself (Cg, Rg) can be discussed using
the equivalent resonant circuit (Figure 2). The resistances Ry, ; the inductances L,
(contribution of the wire itself), L, (inductances resulting from the parallel wiring) and
the capacitance of the wire connection C,, describe the properties of the contacted
sample. The capacitance is mainly determined by the length and the distance of the
wires and has to be minimized. The sample can be replaced by a parallel capacitor Cg
and a parallel resistor Rg. The additional capacitance changes the resonance frequency
of the circuit. The quality factor Q is strongly influenced by Rg. This results in a drastic
change of the resonance properties of the circuit depending on whether the sample is
well contacted or without contact. Even a slightly scratched ITO-surface can prevent the
electric contact in spite of good mechanical connection. Typical values are: L,, =1...
10uH, L,; « L, (L,; can be neglected), C, =1...5 pF, C, =10...100pF. Using a storage
oscilloscope the resonance behaviour with and without sample can be investigated after
an electric pulse with short rise time (in the order of ns) parallel to the NMR
experiment. The smaller frequency and the larger damping in the case of the contacted
sample serves as clear indication of the contact between wires and the conducting ITO-
surfaces.

The wire connection to the sample acts as antenna. The NMR pulses can also be
detected on the oscilloscope which is used for the sample circuit. The interaction
between the electrical connection and the NMR-probe resonant circuit results in a
reduced signal-to-noise ratio. Some possible sources of artifacts have been investigated.
There is no influence of the voltage with respect to the spectral quality as proved on
phantom samples. The skin-effect induced by the NMR rf-pulses can be neglected.
Similarly, the effect of dielectric heating on the material can excluded. Additional
damping by the thin conducting electrode (some nm in thickness) is very indistinct and

is negligible compared to the problems which arise from the contacted sample circuit.
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Extra oscillations in the FID provide distortions in the spectra in the form of spikes.
These oscillations occur accidentally in phase and are averaged out. Accumulation can
clearly improve the quality of the spectrum. However, a reduced signal-to-noise-ratio
cannot be avoided completely and is a very severe problem for insensitive nuclei (°C,
H). We have extensively exploited the reversibility of reorientational processes to
achieve a sufficient signal-to-noise ratio. The data acquisition should be fast compared
to the reorientational processes. Some special modifications to adjust the molecular
orientation during data acquisition have been introduced.

A variety of NMR experiments can be done by the synchronous timing of the electric
excitation and the NMR-pulses and the data acquisition as shown schematically in Fig.

3.
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Fig. 3. The NMR-pulses and the timing of the (pulsed) electric field are synchronized. The
figure gives an example of an electric field pulse started by a trigger pulse. ¢, ; denotes the
delay to the NMR pulses or the start of the data acquisition. In most cases, the NMR pulse
sequence is much shorter than the electric field pulse. Different delays can be introduced in
order to observe different effects. The delay ¢, gives the possibility to find an equilibrium of the
orientation after a shorter orientation pulse allowing data acquisition without further
reorientation during data acquisition. The delay #; enables the investigation of magnetically
induced reorientations. The starting angle can be easily adjusted by the voltage. The experiment
can be modified in many ways.

The use of different delays allows the observation of electrically and magnetically
induced reorientation processes as well. For the observation of magnetic reorientations
the electric field can be used to orient sensitive molecules (e.g. nematic liquid crystals,
dipoles of electrets) in a direction which is different from the spontaneous self-
orientation in B,.

The substances investigated for this study are: the liquid crystals PCHS and BCH5-FFF
in their nematic phases, the ferroelectric mixture ZLI3654, the liquid crystalline
polymers LCP105, the partially deutered Polymers synthesized by E. Barmatov,

Moscow). A detailed description can be found in preceding papers [2, 5, 8, 13].
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Results and Discussion

The molecular orientation in a LC system dominated by strong dipolar interactions
(PCHS at T = 35°C) under the influence of an electric field according equ. 2 is
demonstrated in Fig. 4. The fast decay of the FID (free induction decay) is obtained at
10 Volt (below the Freedericksz transition) indicating that the sample is still aligned
towards B, The slowly decaying FID reflects a turn of the director of the nematic
substance to the "magic angle" of 54.7°. This provides a drastically reduced dipole-
dipole interaction and gives a slowly decaying FID (increasing of T;). The narrowing is
identical for a static orientation when both torques are in an equilibrium and for a
snapshot of the orientational process.

The drastic reduction of the dipolar linewidth by means of an accurate adjustment of the
magic angle can be used in order to measure the anisotropic self-diffusion in the nematic
phase of liquid crystals [14].

Fig. 4"H NMR FID's of a 50 pm liquid crystal cell (PCHS,
nematic between 30°C and 55°C) demonstrating the
maximum narrowing effect during the reorientational process

5ms at64 Vv,
T The magnetic and dielectric anisotropies are positive (d&=
£ off 12.7 at 1kHz , Ax(10%=0.5 at 20°C). The upper FID is
Wiy Eon acquired without voltage.

The acquisition of relatively slow reorientational processes would be complicated by
long delays between the NMR scans which are caused by the much longer reorientation
in the magnetic field (some min.). A series of FID's is acquired in one scan (multi-FID)
to observe the complete reorientational process. Single FID’s can be decomposed after
accumulation. The experimental time is reduced by the number of the FID's in such a
concatenated FID. The method was valuable in order to access rotational viscosities ¥,
(50 Pas at 390 K) of the liquid crystalline polyacrylate LCP105 in its nematic phase up
to temperatures close to the nematic-isotropic phase transition [2]. Reorientational time
constants below 100 ms could be achieved with field strengths up to 4 MV/m. Typical

spectra from the orientation process are given in Figure 5.
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Fig. 5. left: Acquisition of a complete orientational scan in one data set. The experimental time
can be drastically reduced. The method is exemplified using the electric field orientation of the
liquid crystalline polymer LCP 105 at 370 K (1 FID with 2 ms acquisition time, the duration of
the electric field orientation is indicated on each spectrum). The voltage was 400 Volt. The
duration of the E-field has been varied by concatenation of shorter electric pulses

right: Selected spectra of the side chain polymer LCP105 taken during a fast switching process.
The left spectrum has the widest splitting because of its parallel oriention to B, at #z = 0 ms (¢5
is the effective duration of the electric field. The spectrum of the magic angle passage (in the
middle) has been found at #; =100 ms and the right one shows the end of the orientation (fz =2
s). The splitting depends on the angle of the capacitor surface relative to B, (Vv =75°).

An important difference to the spectra of low molecular liquid crystals is the broadening
of the linewidth by a distribution of director orientations. Intermolecular interactions are
not completely averaged out by fast molecular motion. Main chain, spacer and
mesogenic part of the side chain polymer contribute to a different extent to the order
parameter which has been shown by site sensitive NMR experiments [15]. The
resolution of the 'TH NMR, as used in the example, is too poor in order to discriminate
between the different parts of the molecules. The reduced molecular mobility provides
an additional broadening which is superposed with the distribution of the director field.
The deuteration of either the main chain or the mesogenic part (or any other site)
enables the direct separate access to the degree of order and the orientational behaviour
of the main chain and the side chain. A partially deuterated polyacrylate [8] could be
used which has been polymerized with a complete deuterated main chain (Fig. 6). As
expected the reorientational viscosities, which can be measured by 'H NMR, depend
strongly on the degree of polymerization # (n=26 ...287). Surprisingly, there was no
indication of any orientation in the main chain despite of the high sensitivity of the
deuterium resonance to molecular anisotropy. It can be concluded, that the '"H NMR line
broadening in the magic angle passage of LCP105 is probably a superposition of a

director distribution (side chain) and of the broad and unstructured spectrum of the

main chain protons.
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“F NMR

A very sensitve approach to the question of site specific information about orientational
states and processes is the use of '’F NMR. The high sensitivity of the ’F nucleus and
the large chemical shift range provides information which cannot be obtained by means
of 'TH NMR. However, complications can arise by the strong heteronuclear dipolar
interaction which can be removed by suitable suppression techniques. For this study, no
decoupling has been applied. Nevertheless, chemical shift are clearly resloved. The
superimposed heteronuclear dipolar interaction is a further source of information about.
However, proton decoupling provides much sharper resonances which should give a

source for further detailed information [5].

50 KkHz 100 kHz

—

Fig. 6. Proton (left ) and deuterium (right) NMR spectra (7T MHz spectrometer) at a relative
orientation of the director of the sample of 0°, 45° and 90° relative to the magnetic field (n=26)
in their nematic phase (temperature 20°C). The orientation has been achieved by cooling from
the nematic phase at 90°C ( in a field of 7.0 T) below the glass transition at 20°C. The proton
spectra give the signal of the side chain part and the deuterium signal is due to the main chain.
The side chain is responsible for the complete orientation whereas for the main chain site no
orientation could be detected. The material were available in fractionated form at
polymerization degrees of n=26, 55,154, 287. The order parameter has been found to be
independent of the molecular weight within the experimental accuracy (S=0.60 ..0.67).

For that purpose a second channel is needed to remove the fluorine-proton interaction
which would enable a complete mapping of highly resolved spectra in the liquid
crystalline state by means of in-situ '’F NMR NMR experiments. Only an 1-channel
technique was available for the electric field experiments. It could be demonstrated that
even in that case "’F NMR provides interesting results [5]. Furthermore, the anisotropy
of the heteronuclear interaction is a new source of information. A typical switching
experiment of the low molecular liquid crystal BCHS-FFF is given in Fig.7. The
orientation of the director can be extracted from the 'H and the °F NMR spectra as well.
The fluorine spectra carry much more site resolved information. If present, local

differences in the reorientation behaviour on molecular level could be revealed .
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Fig. 7.'H and "F Spectra of BCH-5 FFF in its nematic phase. The line shape changes
significantly during the electrically induced reorientation process: The line width of 'H spectra
(a) scales according to Equ. 2 whereas the position of well resolved “F lines (b) changes
according to Equ. 4. The upper three rows of spectra of (a) and (b) have been taken during a
reorientation in the E-field for n parallel B (top), 54,7° and 75°. The 75°-spectrum in the middle
of (a) and (b) was taken at the beginning of the magnetic reorientation (£=0, last two spectra).
In some cases [5] a director distribution builts up during the reorientation process which is
accompanied by a considerable line broadening as can be seen by comparing the second (no
distribution) and fourth row of spectra in (a) and (b). Two complete reorientation processes in
the magnetic field can be seen in (¢) and
(d). The process (c) starting in an initial angle of 64° does not show any line broadening due to
director distributions but reorientation (d) starting in 75° does.

Ferroelectric Liquid Crystals
The increasing interest on ferroelectric polymers is caused by the combination of the

properties of polymers such as mechanical stability and ferroelectric liquid crystals
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showing extremely fast reaction on electrical fields. Switching times in the order of
some ps can be achieved in comparison to the ms range of the switching behaviour of
nematic liquid crystalline materials. The investigation of the switching behaviour is
important for the technical applications using electro-optical properties. Spectroscopic
methods are of interest due to their ability to give site specific information about the
switching process. Recently, FT-infrared spectroscopy has been successfully applied in
order to investigate the orientational behaviour in-situ under electric field application

{16, 17]. Time resolution far below 1 ms could be achieved.
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Fig. 8.Principles of the observation of a polarization switching process by means of solid-state
NMR. The timing of the bipolar switching with respect to the data acquisition and the
arrangement of the sample relatively to B, is given 8a. The arrows 8b indicate the preferred
orientation achieved by the bookshelf preparation and the polarization vectors.

Two results are given . There is no change of the observed NMR parameter (‘H NMR
linewidth) if the orientation is parallel to B, (8c). A drastic change in the linewidth occurs
during the switching process for a tilted angle to B, (e.g. if the bookshelf arrangement is
adjusted closely to the magic angle of 54.7° , d).

It should be mentioned that the capacitor cell for the NMR experiments has also been

used for electro-optical investigations (switching times and threshold voltages) and in a
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polarizing microscope. The switching process in a ferroelectric liquid crystalline
mixture (ZLI 3654 [13]) is schematically sketched in Fig. 8. The smectic- C" -phase
ranges from —30°C to 62°C. The ferroelectric switching process can be considered as a
motion of a polarization vector around a cone. A so-called bookshelf orientation, which
is a prerequisite for a well defined switching process, has been achieved by means of
orientation in the spectrometer field in a defined preparation (cooling rate [13])
procedure. An important difference to the experiments on nematic substances consists in
the application of voltages with a different sign to switch the polarisation state similarly
as it can be done for electrets [4]. The knowledge about the tilt angle is important for the
design of the experiment. In both situations in Fig. 8b, the start and final state are
identical to each other which is caused by the orientation of the capacitor in the
cylindrical NMR coil.

However, the spectra are different when the polarisation vector is moving around a cone
during the switching process. Two examples for possible geometries are given in Figure
8b. The dashed lines refer to the results. If the bookshelf has a parallel orientation with
respect to the direction of the magnetic field (2.4 T), all angles provide the same
projection of the relevant vectors resulting in an unchanged '"H NMR linewidth (Fig.
8c) within the experimental error. In Fig. 84, an angle has been chosen which would
yield a maximum narrowing if the motion of the resulting dipole passes a magic angle
situation. A drastic change in the linewidth occurs as predicted. A certain knowledge
about the tilt angle and the temperature dependent switching time is necessary in order
to design a successfull experiment. The data for setting up the position of the capacitor
angle relatively to B, in order to maximize the narrowing of the linewidth during the
switching, and the temperature to slow down the orientation process has been taken
from the catalogue (E. Merck). The switching time at room temperature is given as 44
us. The experiment has been made at a temperature of 0°C in order to slow down the
process to the order of about 150 ps. However, there is no principle limitation to
observe faster processes. The tilt angle at 25°C is 25°. The tilt angle is temperature

dependent (8= 6, (T, — T)° ) ,6 ~ 0.25 for T < T, ) which is also accessible by a static

electric field NMR-technique [13] (27° at 0°C for ZLI 3654). The spontaneous
polarization increase also with decreasing the temperature (29 nCem™ at 20°C and 38
nCem? at 0°C). As a sideline of the experiment, the material parameter given in the data

sheet and in [13] could be confirmed.
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Conclusion

The investigation of molecular orientations and/or morphological changes under the
incfluence of electric fields can be either reversible or irreversible, similarly to the
practical use of fields in displays or for producing polarised polymeric materials (e.g.
PVDF). The investigation of controlled reorientation processes is accompagnied by
technical complications in the NMR, which are mainly caused by a detoriation of the
signal-to-noise-ratio. On the other hand, the experimental design is extremely flexible
and can be applied to a variety of substances and problems and can be adapted for some
classes of materials such as ferroelectric polymers, nematic and ferroelectric liquid
crystals and LCP*s. The reversibility of the effects has been used extensively. The in-
situ experiments on liquid crystals and their polymers can be considered also as model
techniques for the investigation of reversible processes by means of NMR, e.g.
reversible chemical reactions. It should be emphasized that the experiments are carried
out on capacitors as real electrical components. The value of the method can be

drastically enhanced when further methods (e.g. IR, microscopy) can be involved.
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