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Abstract

Ultra violet (UV) curable acrylates are a class of coatings, which are more and
more used. Their importance increases due to more stringent environmental reg-
ulations, concerning the use of volatile organic compounds (VOC) in coatings.
Upon exposure to UV radiation, the acrylate molecules polymerise, forming a
solid coating. This process is called curing. More fundamental knowledge is
required about the factors that influence the final polymer structure, like the du-
ration of exposure to UV radiation, or the types of chemicals. Absorption and
scattering of UV radiation, but also oxygen inhibition, can have a depth depen-
dent influence on the final polymer structure. Many of the current techniques
which can provide knowledge of the polymer structure are either limited to op-
tically transparant coatings or are unable to provide depth resolved information.
High spatial resolution Nuclear Magnetic Resonance (NMR) is a technique which
can in principle investigate the polymer structure as a function of depth, even in
non-transparant coatings.

In this study NMR measurements on two types of model systems of UV cured
acrylates are presented: UV cured 2-ethyl hexyl acrylate (EHA) and UV cured
poly(ethylene glycol)diacrylate (PEGDA).

EHA forms branched chains upon curing. A thermal activation with a charac-
teristic energy barrier of (4.7 £ 0.3) x 1072 J of the motions of the polymer is
observed.

PEGDA forms a cross-linked polymer network upon curing, of which the glass
transition temperature 7, can be varied. A linear relation between the transverse
relaxation time 75 and the glass transition temperature 7T} is experimentally con-
firmed.

Experiments on a triple layer poly-urethane demonstrate the possibility to obtain
depth resolved information on Tj,.
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Chapter 1

Introduction and motivation

1.1 Why coatings?

A coating is a thin continuous layer applied to a surface. Purposes for coatings
can include energy savings, corrosion prevention, hygienics (e.g. easy cleaning
and fungal resistance), impact and abrasion resistance and decoration.

The economic advantages of coatings are huge. For example, ships can save 40%
fuel because of drag-reducing coatings, saving 7.2 million tons of fuel annually for
the whole world fleet!. A steel sea bridge without protective coating would suffer
severe corrosion within a few years. A coating, costing generally several hundred
times less than the bridge, can protect it for up to 15-25 years, reducing the need
for maintenance and increasing the lifetime. In the same way a wooden structure
can be protected from moisture and rotting. There are numerous similar examples
where the lifetime is increased and maintenance costs are dramatically reduced by
a coating of marginal cost. Coatings with only a decorative or esthetic function
can offer added value by increasing the attractiveness of a product. Coatings can
also offer the possibility of material substitution. For example, coated steel can
perform many tasks which otherwise would require much more expensive metals
or alloys.

1.2 Composition and types of coatings

A coating before application (paint) consists of a binder and often a diluent or
solvent and additives. The binder is the part that eventually solidifies and creates
the final film. Typical binders are acrylics, polyesters, and latexes.

The solvent or diluent is used to adjust the viscosity of the paint, making ap-
plication possible or easier. Typical examples are water and hydrocarbons. The
solvents or diluents evaporate after application of the coating.

The additives affect the application, the solidification process, or the properties
after curing. Additives include catalysts affecting chemical processes, dyes for
colouration, and chemical stabilisers increasing the durability.

After application the coating solidifies: the solvents or diluents evaporate and a
curing reaction takes place. The processes responsible for curing include poly-
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merisation, oxidation, cooling or a combination of these.

The rate of solidification depends on the curing of the binder as well as on the evap-
oration of the diluent or solvent. Volatile diluents or solvents often provide a fast
rate of evaporation but are often harmful for the environment. Because of more
stringent environmental issues and health regulations there is an increasing inter-
est in coatings without these volatile organical compounds (VOC). Waterborne
coatings do not contain harmful solvents but generally have the disadvantage of
a lower curing rate. Coatings which harden on cooling, such as enamel do not
contain harmful solvents, but the coating and the material underneath the coating
have to be heated to high temperatures. This limits the latter type of coating to
materials and products with high melting points.

A group of coatings without VOC but with a fast curing reaction near room
temperature are UV curable coatings.

1.3 UV curable coatings

UV curable coatings cure under the influence of ultra violet (UV) radiation. Typ-
ical ingredients for an UV curable coating are multifunctional oligomers, reactive
diluents or monomers, photoinitiators to start the curing reaction and inhibitors
to prevent spontaneous curing. The curing reaction is initiated by the absorption
of UV light by a photoinitiator and is followed by free-radical polymerisation of
the oligomers.

Advantages and disadvantages Besides the advantage of low or zero VOC
emission, UV curable coatings can also offer very short curing times of a few sec-
onds, increasing the efficiency of industrial processes. The potentially very high
degree of cross-linking of the polymers improves the scratch-resistance?.

Problems in the application of UV curable coatings include toxicity of the resins
and 'line-of-sight’ curing: the curing process is limited to areas accessible to UV ra-
diation. This limits the possibilities for the curing of highly pigmented or metallic
coatings. Moreover, in very hard and densely cross-linked products the mobility of
the reactive substances is reduced during hardening, which results in the presence

of unreacted residues which dramatically reduce the weathering resistance?.

Investigation of the degree of curing The degree of cross-linking (the ratio
between the number of actually formed cross-links and the number of theoretically
possible cross-links) depends on many variables, like the duration of exposure to
UV radiation, as well as the intensity and wavelength of the UV-light source. The
chemical variables influencing the degree of cross-linking include the photoinitia-
tor, the mobility of the reacting substances, and the possible presence of other
reacting substances like oxygen. To optimise the duration and energy consump-
tion of the curing process, it is necessary to have information on the degree of
cross-linking in the coating.

Several techniques suitable for the investigation of the degree of cross-linking can
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be distinguished: some techniques are optical, others non-optical, and some tech-
niques provide depth-resolved information. Some examples are Raman- and IR-
spectroscopy and the similar technique of confocal Raman microscopy. These are
optical techniques, of which only confocal Raman microscopy provides depth re-
solved information. Non-optical techniques include differential scanning calorime-
try (DSC), thermo mechanical analysis (TMA), and micro-indentation, which are
all non-depth-resolving.

Depth-resolved information on the degree of cross-linking is especially important
in non-transparent coatings, because the incident UV radiation is absorbed and
scattered by e.g. colouring pigments. This can lead to inhomogeneous curing.
Unfortunately, the use of optical techniques is limited to optically transparent
coatings, while traditional non-optical techniques lack the possibility of depth-
resolved information. This creates the need for a depth-resolving technique which
is suitable for non-transparent coatings.

High spatial resolution NMR A possible technique satisfying these require-
ments is very high spatial resolution nuclear magnetic resonance (NMR) imaging,
if it is possible to get information on the polymer structure from the NMR signal.
Litvinov and Dias* have shown that it is possible to get information on the prop-
erties of a polymer structure from the NMR signal. In their research the NMR
measurements were performed without spatial resolution. If the same type of mea-
surements can be performed in NMR setups with a high (order of micrometres)
resolution, this would mean a new and suitable way to investigate the network
structure even in non-transparent coatings.

1.4 Outline of this report

In chapter 2 the basics of NMR and one dimensional (1D) NMR imaging are dis-
cussed, as well as the NMR pulse sequences relevant for this report. Next, the high
spatial resolution NMR setup will be presented. In chapter 3 the basic chemical
aspects of acrylates and curing reactions will be discussed. An introduction into
possible network types and the glass transition temperature is given.

Some additional techniques and setups which are used during the research covered
in this report are described in chapter 4, together with some additional equipment
to heat the sample inside the NMR setup.

In chapter 5 measurements on two acrylate types as well as a triple layered coating
sample are shown and discussed. The measurement on the triple layered coating
will show the possibilities of the setup to discriminate network properties as a
function of position.
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Nuclear magnetic resonance

2.1 Introduction to NMR

The phenomenon of nuclear magnetic resonance (NMR) was discovered in
1946 independently by the two research groups of F. Bloch and E.M. Purcell,
respectively®®. NMR is based on absorption of the energy of a radio frequency
(RF) pulse by the nuclear spins of the atoms in a material. Every type of nu-
cleus with non-zero spin has a NMR resonance frequency which depends on the
strength of the magnetic field surrounding the atom.

2.1.1 Nuclear magnetic resonance

A nucleus with a non-zero spin can have a magnetic moment f. This magnetic
moment [ is often associated with the spinning of the charged nucleus. If a
magnetic moment is placed inside a magnetic field go, it will tend to align itself
along the direction of the magnetic field. A torque 7 will be exerted on the

magnetic moment.
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Figure 2.1: A nucleus with a magnetic moment y in a magnetic field By precesses at the
Larmor frequency.
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which will change the orientation of the magnetic moment

did . . -
ﬁ=W=WX&, (2.2)
with 7/(27) the gyromagnetic ratio, which is 42.58 MHz/T for hydrogen. This

causes the magnetic moment to precess around the magnetic field (see figure 2.1)
with an angular velocity wy:

Wy, = 27Tf2 = 27r’y§0 , (2.3)

with fr the so called Larmor-frequency.

2.1.2 Mathematical description of the nuclear magnetic
moment

To describe the motion of the nuclear magnetisation in a mathematical way, it
is convenient to work in a frame of reference, which is stationary in terms of the
magnetisation vector. To achieve this, a frame of reference (2’,y, z) rotating with
a frequency w in the laboratory frame of reference (z, y, z) can be introduced. The
z-axis is along the B, magnetic field. For a magnetic moment /i in the laboratory
frame of reference, this means for the magnetic moment ,J’ in the rotation frame
of reference: .

dy/ _dp .

iy (i x &), (2.4)
so that for w=wy, dp/ /dt = 0. If a small constant field B, in the rotating frame of
reference is applied perpendicular to B}, a rotation of the magnetisation about B
is performed. Note that this constant B, field in the rotating frame of reference,
represents a field rotating at frequency w, in the laboratory frame of reference.
The rotation of /I’ about B; is described by 2.2:

' 4z

—_— = B . 2.

o = X B (2.5)
If the field B; is known, the so called flip angle 8 [rad] of the magnetisation can
be calculated:

0= 27T’)/B1tp, (26)

where t,, is the duration of the applied field B;.
The magnetisation of a sample is the sum of all the magnetic moments in the
sample:

M=%f. (2.7)

The macroscopic effects of manipulation and relaxation of the magnetic mo-
ments in a sample in the rotating frame of reference are described by the Bloch

equations®:
aM!, —M!, - -
i =t x By (2.82)
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dM;/ _ —M;/ +’y(]\2f/ % B’/) , (2 8b)
dt T, 1y '
dM;/ _ M;/ - MO —‘, —’/
= 7 H (M X B (2.8¢)

Ti, and T, are characteristic time scales for relaxation of the magnetisation along
the z-axis, respectively in the zy-plane, to their initial states parallel to the main
magnetic field 50, after application of a field B;. These relaxation processes will
be discussed now.

2.1.3 Relaxation processes

Two important relaxation processes for the magnetization after excitation by a
B; field, are spin-lattice (longitudinal) relaxation along the z-axis, and spin-spin
(transverse) relaxation in the zy-plane.

spin-lattice (longitudinal) relaxation At temperatures above absolute zero,
all atoms are in motion. The charges associated with the moving atoms create a
very complex magnetic field. An atom in this field might experience incidently
a frequency equal to its own Larmor frequency. This interaction between the
magnetic moment of the nucleus and the fluctuating field, might cause the nucleus
to switch its spin state. The energy change of the nucleus, is transferred to the
vibrational and rotational energy of atoms and molecules. This effect causes the
magnetisation along the By field after excitation, to return to its initial state My
with a characteristic time T7:

ML(t) = My exp(~t/T3). (2.9)

spin-spin (transverse) relaxation The spin-spin relaxation originates from
the magnetic field induced by the spins on each other. This will cause each spin to
"feel’ a small field superimposed on the By field. Therefore the Larmor frequencies
of the individual spins will differ, causing the spin components in the zy-plane
(L BB) to dephase and lowering the transverse magnetisation. This relaxation has
a characteristic time 7T5. Nuclei in liquids can move more freely, largely averaging
out these small magnetic fields. This leads to a longer time scale for T3 in liquids
than in solids.

The effect of the transverse relaxation on the magnetisation M,, in the plane

perpendicular to B, is described by:

~t

M2, (t) = M.,(0) exp <?2> (2.10)

2.1.4 Frequency Encoding

To obtain spatially resolved information from the NMR signal, a gradient G, can
be superimposed onto the By field. If this gradient is applied in the y-direction,
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the magnetic field in the z-direction becomes
B.(y) = B.(0) + G,y (2.11)
The Larmor frequency becomes position dependent and equation 2.3 changes into:
wr = 7B.(y) = ¥(B.(0) + G, -y) (212)

Because each frequency in the NMR signal is linked to a position along the y-axis
in the sample by the gradient, the Fourier transform of the NMR signal represents
the spatial distribution of the NMR signal along the y-direction.

2.1.5 Resolution

The resolution is limited by the resonance line width, which depends on the prop-
erties of the Fourier-transform of the original signal in a homogeneous field and
the applied field gradient. Besides field-inhomogeneities, essentially three factors
limit the maximum achievable resolution for a certain field gradient: the length
of the acquisition-window, the transverse relaxation time 75 and diffusion.

The maximum achievable resolution is linked to the linewidth Av in the frequency

spectrum by:
Av

G,
The acquisition window can be viewed as a square pulse of duration ¢,, in the
time domain, which results in a sinc-function with full width at half maximum

(FWHM) of 3.8/t4c, in the frequency domain v. Hence, the resolution is limited
by the length of the acquisition-window to a maximum of

Az

(2.13)

3.8

—— 2.14
tacq')/ Gz ( )

Azgeqg =

The second important factor is the sample dependent 7,. Because the received
NMR-signal is not purely a signal composed of the signal of the spins rotating
at the Larmor frequency but has also an exponentially decaying component, the
fourier transformed (F) spectrum will be convoluted with a Lorentzian function:

1 T
Fevm=1_B |
with a FWHM of 1/T; this leads to a maximum resolution of:
Azg, = 2 (2.16)
NG T '

A third factor, especially important in fluids, is limitation of the resolution by
self-diffusion. Broadening of the signal line-width due to dephasing of the spins,
ans displacement of nuclei to neighbouring pixels plays a role”®37.
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Figure 2.2: The magnetisation is initially along the z-axis (a), then it is rotated 90° towards
the y'-axis, next the spins start to dephase. (b). After a 180° pulse the phase difference is
inverted by the pulse (c). The spins start to rephase and finally create an echo (d).

2.2 NMR pulse sequences

There are several possibilities to manipulate the magnetisation using RF-pulse
sequences in such a way, that information on the nuclear density, on 75, and T3
can be obtained. The sequences relevant for this report will now be introduced.

2.2.1 Hahn spin echo

The most simple sequence, which forms the base of other more complex sequences
is the Hahn-spin echo sequence. In this sequence (shown in figure 2.2) the mag-
netisation is first rotated into the xy-plane by a 90°-pulse. Next, the individual
magnetic moments will start to dephase because of inhomogeneities in the mag-
netic field or a gradient in an external applied magnetic field. After a time 7, a
180° pulse is applied, after which the magnetisation is inverted. After another
time 7, all spins are rephased, giving an echo.

2.2.2 CPMG spin echo train

Instead of just one 180° pulse it is also possible to apply a train of 180° pulses, see
figure 2.3. This sequence is known as the Carr-Purcell-Meiboom-Gill (CPMG)

10
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90 180" 180" 180°

echo echo echo

techo

Figure 2.3: The CPMG sequence counsists of a number rephasing 180°-pulses after the initial
90°-pulse. An echo is formed at t = ntecn, The echo intensity shows the effect of the transverse
relaxation.

sequence. The time between two echoes, 27 is called the inter echo time t.cho.
The echo intensity Se.n, Will decrease because of transverse relaxation

—t
Sech,o = S() exp (ﬁ) y (217)

where t = nt.., is the time since the 90°-pulse, and Sy is the echo intensity at
t=0.

Diffusion measurement The displacement r by (normal) self-diffusion is de-
scribed by < 7?2 >= 6Dt, where D is the self-diffusion coefficient and ¢ the time.
When a field gradient G is superimposed on the field By, it becomes possible
to use the CPMG (and Hahn spin echo) sequence for measurements of the (self-
)diffusion coefficient of the hydrogen atoms in the sample. The dephasing of spins
will not only take place because of local field inhomogeneities, but also because
spins move randomly through the sample into areas with a different field strength.
The decay of the intensity of the signal now dependents on the diffusion coefficient
D. This can be described by adding a diffusion dependent term to equation 2.17,
giving for the signal intensity:

1 1
InS~ | —=——=7*G*Dt2,;, |t. 2.1

n < T2 127 echo ( 8)
By measuring the signal decay at several different inter echo times t.cx,, the nor-

mal’ T, relaxation can be eliminated and the diffusion constant D can be calcu-
lated.

Averaging and long delay It is often common to repeat the CPMG-sequence
several times and average the echo signals to increase the signal to noise ratio.
Between two CPMG-sequences a long delay (LD) is inserted, during which the
magnetisation can relax to its initial state. Generally a long delay of 37} is
sufficient.

11
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90 90 solid echo 90 stim. echo
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Figure 2.4: A stimulated echo sequence consists of three 90° pulses and two echoes. The first
echo at 27, is in fact the same as the first echo of the OW sequence and is known a the solid
echo. A time 7, after the second pulse a third 90°-pulse is applied and another echo is formed
after another period 7.

2.2.3 Ostroff-Waugh sequence

Especially in high field-gradients, the 90° pulse will excite a wider area of the
sample than the 180° pulse. This is caused by the larger excitation frequency
bandwidth of the 90° pulse compared to the the 180° pulse, having a longer
duration. This limits the suitability of the CPMG sequence in high field gradients,
because the area excited by the 90° and 180° pulses is different.

The Ostroff-Waugh sequence®!? is closely related to the CPMG spin echo train.
The difference is the fact that each 180°-pulse is replaced by a 90°-pulse, where
all pulses excite the same area, but the behaviour of the magnetisation becomes
more complex. This complex magnetisation behaviour also causes the first echo
to have a smaller magnitude, which is 1/2 of the intensity of the first CPMG echo,
whereas the intensity of the second and third OW echo is 3/4 of the corresponding
CPMG echo®. To obtain the proper signal decay, the signal intensity has to be
corrected for this variation in echo intensity.

Additionally both the transverse and diffusion-based relaxation, show decay rates
different from the ones derived from a CPMG sequence. For a more thorough
discussion on the differences, see appendix A.

2.2.4 Stimulated echo sequence

In samples with low diffusion coefficients the use of the CPMG sequence and OW
sequence for diffusion measurements is limited because the longest diffusion times
which can be obtained are limited by the transverse relaxation time.

A stimulated echo experiment (figure 2.4) results, contrary to CPMG experiments,
in an echo decay which is largely governed by the spin-lattice relaxation, which is
slower than the spin-spin relaxation.

The spin echo sequence begins with a 90°-pulse which rotates the magnetisation
into the xy-plane. In the next part of the sequence the transverse magnetisation
is attenuated by transverse relaxation. The second 90°-pulse rotates half of the
magnetisation in the z-direction. This second 90°-pulse gives rise to an echo (the

3if transverse or diffusion-based relaxation effects are neglected.

12
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solid echo), which is identical to the first OW-echo and has an intensity

S 2 2
Ssolid = =2 €xXp _—E exp(——D'y2G27'13) . (219)
2 T 3

After a time 7, > 7y a third 90°-pulse is given, which restores the magnetisation
stored in the z-direction back into the xy-plane. The magnetisation then evolves
into a second echo (stimulated echo) at a time 7 after the third RF-pulse.

Setim = 50 exp (—&) exp(—=2) exp [—D7202Tf(§ﬁ + 7'2)} : (2.20)

By dividing the intensities of the stimulated echo (eq. 2.20) and the solid echo
(eq. 2.19), the Ty-dependence can be eliminated, and this results in

Seti 1
1 ) = — [ DAG* P + = 2.21
n<Ssolid> ( TEn +T1>T2’ (221)

and the diffusion can be calculating by performing experiments at different values
of 7. If T is not known, the same experiments can be performed with varying 7
to eliminate T7.

2.3 High spatial resolution NMR setup

The NMR setup consists of a field By of 1.4 T with a field gradient G of 36.4 T/m
to ensure the spatial resolution necessary for measurements in thin layers of coat-
ing. This is achieved using magnet pole tips specially designed for this task, see
figure 2.5. The gradient of 36.4 T/m results in a conversion factor of 0.65 um/kHz
from frequency to depth.

The coating sample, which is (usually) applied on a glass substrate, is put slightly
(~ 0.1 mm) above the transmitting and receiving RF-coil, see figure 2.6. The
sample holder can be aligned perpendicular to the field gradient G using three
screws. This has to be done very carefully to get a high depth-resolution in the
sample.

The NMR measurement itself can be performed using the NMR-client/server
software!''?2 where the required sequence and measurement parameters can be
selected.

2.3.1 Heating of the sample in the NMR setup

For NMR measurements on acrylate coatings it is desirable to perform measure-
ments at various temperatures. This way the behaviour of the NMR signal as a
function of temperature can be investigated. For some coatings it is necessary
to raise the temperature above room temperature to be able to do measurements
above glass transition temperature (see section 3.2.)

For this task a setup is build which blows hot air over the sample, see figure 2.7.
The airflow can be adjusted and is heated to an adjustable, constant temperature.

13
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Figure 2.6: Sample holder of the NMR
Figure 2.5: Magnet pole tips and the sam- setup. The coating is applied on a glass sub-
ple holder of the NMR setup. The pole tips strate (or any other flat, non-magnetic mate-
are designed to produce a very high gradient rial) and put slightly above the RF-coil. The
0f36.4 T/m to ensure a spatial resolution suf- field gradient G of the field By should be per-
ficient for measurements in coatings. fectly perpendicular to the substrate.

The hot air is blown on top of the sample through a pipe with a number of small
holes. This creates an homogeneous distribution of hot air possible and minimises
vibrations and movements of the sample.

The sample temperature is determined by a thermocouple attached to the sample
holder about 2 mm from the sample. Attaching the thermocouple directly onto
the sample may cause electrical or vibrational effects which influence the NMR
measurement. Attachment at some distance from the sample also ensures that
the metal in the thermocouple does not influence the RF-signals or field.

14
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Figure 2.7: Equipment to heat the sample in the NMR setup consists of a perspex cover that
is placed over the sample holder. Hot air is blown on top of the sample through a pipe with
a number of holes, which should distribute the air homogeneously. The air is coming from a
external heater (not shown) which heats the air to a constant temperature. The temperature
can be measured with a thermocouple which has to be secured about 2 millimetres from the
sample.
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Chapter 3

UV curable acrylate coatings:
Some basics

3.1 [Initialization and termination of the curing
reaction

Acrylates are organic molecules which contain a H,C=CH—(C=0)- group.
For UV-curing, the acrylate-monomers have to be mixed with a small (about
1-3 mass-%) amount of photoinitiator. The acrylates 2-ethyl hexylacrylate
(EHA), poly(ethyleneglycol) diacrylate (PEGDA), and the photoinitiator
1-hydroxycyclohexyl phenyl ketone (HCPK), which are relevant for this report,
are shown in figure 3.1. Several reactions which occur during UV curing are
presented now.

0

OQ\\ - O\\ T B g - ~. P
s ol Ty PEGDA
_ O
[
O EHA
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/ a8 A HO\\ // \
N o~ ) HCPK
\ {/ \\\ 1// \\v / C
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Figure 3.1: Chemical structures of the compounds relevant for this report: 2-ethyl hexylacry-
late (EHA), poly(ethyleneglycol) diacrylate (PEGDA), and 1-hydroxycyclohexyl phenyl ketone
(HCKP or Irgacure 184).
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Initiation The photoinitiator splits up into two radicals under the influence of
UV-light
I-J +hv —Te + Je

These radicals react with the double carbon bond of the acrylate M. Because
the C=C double bond has opened, but is only replaced with one new bond, the
acrylate radicalizes too

M+ Ie —» eM—I

Continuation Because the reaction product eM—1I has a reactivity very similar
to the starting radical Ie'3, the reaction can continue:

M+ eM—-I - eM-—M-1I
and further polymerization results in:

M+ eM-M—-] - eM-—M-M-1

Termination The polymerization process continues until a termination reac-
tion takes place, where the radical reacts with another radicalized acrylate or
photoinitiator radical, e.g.:

oM—-I + eM—M—-] — [-M—M~-M-—I

Hydrogen abstraction abstraction of a hydrogen atom from another molecule
by the radical also ends the polymerization, eg.:

M-I + MH — HM—-I + Me,

where M'H = M. If the ratio between hydrogen atoms and acrylate groups in-
creases, the significance of hydrogen abstraction also increases. This is for example
the case when increasing the molecular weight in PEGDA, see figure 3.1.

Oxygen inhibition Another possible reaction is oxygen inhibition, where a rad-
ical reacts with oxygen. The resulting radical is not reactive towards the acrylate
double bonds and can not participate in the polymerization reaction, but usually
subtracts a hydrogen atom from other molecules to generate a hydroperoxide4.
For example:

M-M-1Ie + 02 - .OQ_M—M—I

e0;—M-M-1 + MH - H-0;—M-M-1 + Me.

An additional amount of photo-initiator is needed to consume the oxygen dis-
solved in a coating before the polymerization process can start. The premature
chain-termination and the generation of hydroperoxides modify the mechanical
properties of a cured acrylate. The effects of dissolved oxygen can be eliminated
by curing in an oxygen-free atmosphere, like N.
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Figure 3.2: Schematic representation of polymer types: cross-linked network (top-left), lin-
ear chains (top-right), closed ring-structures (bottom-left) and branched chains (bottom-right).
Combinations of these polymer types like cross-linked networks with linear, dangling ends are
also possible.

3.1.1 Polymer structure formed during the reaction

The properties of the polymer structure formed during UV-curing depend to a
large extent on the acrylate-monomers used. Acrylates can have different func-
tionalities (numbers of acrylate groups), e.g. mono- or di-functional. In figure 3.1
EHA is an example of a monofunctional acrylate, while PEGDA is a di-functional
acrylate.

This difference in functionality leads to obvious differences in the polymer struc-
ture after curing: the monofunctional monomer can only react with two other
monomers. This leads to linear chains (figure 3.2, top-right) or, if the chain reacts
with its own end, a ring (figure 3.2, bottom-left). In case of side-groups attached
to the acrylate (for example in EHA), branched chains (figure 3.2, bottom-right)
are formed: A linear main chain (backbone) with branched side chains. Curing
of a monofunctional acrylate with side chains can result in a branched structure
(figure 3.2, bottom-right.) The di-functional monomer has two functional groups
which in total can react to four other monomers, resulting in a rigid, cross-linked
network, see figure 3.2, top-left. Monomers with a higher functionality lead to
even more complex 3D-networks.

Of course it is possible to cure mixtures of mono- and di-functional acrylates.
This can result in linear extensions of the cross-linked network (’dangling chains’)
and a lower cross-link density than in case of only di-functional acrylate.

18
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3.2 Glass transition temperature

Instead of direct measurements of the network density, the glass transition tem-
perature is often used to characterize the network density of a polymer.

The glass transition occurs in some amorphous materials which do not have the
ability to crystallize, as a result of a too irregular structure'®. Upon heating, these
materials transform from a hard glass-state into a more elastic rubbery state at
the glass transition temperature (7,). On a macroscopic level there are a number
of changes in properties of the polymer during the glass transition. Upon heating
a decrease in stiffness occurs, while there are also changes in heat capacity and
thermal expansion coefficient.

These changes in properties at the glass transition temperature can be measured
by differential scanning calorimetry (DSC) or thermo mechanical analysis (TMA).
These techniques respectively record the heat capacity and the volume as a func-
tion of temperature. For more details, see section 4.2.

On a microscopic scale, the glass transition temperature can be viewed as the
temperature where the internal mobility reaches the value which is characteristic
for the time scale of the experiment'®. In other words: the polymer structure can
be viewed rigid below and mobile above the glass transition temperature. There-
fore it can be intuitively argumented that a more rigid polymer structure will
need a higher thermal energy and hence a higher temperature to get a mobility
high enough to reach the time scale of the experiment. It also implies that the
measured glass transition temperature depends up to some degree on the duration
of the measurement. Glass transition temperatures which have to be compared
have to be measured in the same way.

It can be shown®16:1718 that for polymers with sufficiently high molecular weights
the glass transition temperature is a function of the chain length between two
cross-links, M2

Tg(MC) = Tg(oo) v (3.1)

where T,(00) is the glass transition temperature in case of infinitely long chains
and K is a constant. This relation makes it possible to get insight into the cross-
link density of a polymer network by measuring the glass transition temperature.

3.3 NMR signal of polymers

In homogeneous coatings information related to the cross-link density can be ob-
tained from measurements of the glass transition temperature. The goal of this
report is to obtain similar depth resolved information on the cross-link density
from NMR measurements. Because of the strong dependence of the spin-spin
relaxation on the mobility of the hydrogen atoms, the transverse relaxation time
T, can yield valuable information on the polymer structure of a coating.

Gotlib et al.!? investigated the behaviour of T, of cross-linked polymers. Above

2Although it is common to refer to this value as chain length, it actually is the molecular
weight between two cross-links.
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the glass transition temperature they found an increase of 75 as a function of tem-
perature. When raising the temperature even further they reported a plateau of
constant 7. This constant 73-value depends on the cross-link density. They ex-
plained this behaviour with a model in which the cross-links are fixed. The motion
of the chain between two cross-links is anisotropic because of restrictions imposed
by these cross-links. Upon heating the motion increases, averaging out dipole-
dipole interactions, resulting in a longer 75. At some temperature all dipole-dipole
interactions which can be averaged out by the motion are averaged out. At this
point 715 is governed by dipole-dipole interactions which can not be averaged out
because of the anisotropic nature of the motion. A further increase in temper-
ature will not result in a further increase in 75. Because the anisotropy of the
motion depends on the distance between the cross-links, this constant T5-value is
a function of cross-link density p.'%%:

1

Pc

The relation between T3 and the cross-link density has been further investigated
by Litvinov and Dias? on EHA/PEGDA mixtures in a NMR relaxometer. They
show a clear relation between the glass transition temperature and the NMR T5-
relaxation. A bi-exponential signal decay was reported in this study. They, as well
as Simon et al.?!, suggest that the short relaxation time is related to hydrogen
atoms between cross-links. The longer relaxation time is associated with highly
mobile components like dangling chains and network defects such as free linear
chains or loops.

It is possible to obtain information on the hydrogen density in a coating from the
magnitude of the NMR signal. This enables one to measure changes in the proton-
density, for example to measure the moisture content during a drying process of a
water or solvent borne coating. The UV curing process is very fast and there is no
change in hydrogen density during the UV curing of acrylates. This means that
for the UV cured acrylates used in this report, the possible information derived
from hydrogen density measurements is limited compared to T-analysis.

20



Chapter 4

Additional techniques

Whereas this report mainly focusses on NMR, there are other techniques which
can be used to help interpreting the NMR-data. Confocal Raman-Microscopy
(CRM) is used to obtain information on the chemical composition before and
after curing of a sample and to measure the degree of double bond conversion.
Thermal techniques like Differential Scanning Calorimetry (DSC) and Thermo
Mechanical Analysis (TMA) are used to measure the glass transition temperature
of a sample.

4.1 Raman spectroscopy

Confocal Raman-Microscopy can be used to identify molecules and specific groups
in a sample. Confocal Raman microscopy is chosen instead of the more conven-
tional and well-known technique of infrared (IR) spectroscopy because it can pro-
vide depth resolution. CRM is also less sensitive to signal absorption by glass,
which is important for coatings on glass substrates. The obtained spectra are very
similar to spectra obtained with infrared spectroscopy.

Raman spectra are obtained in a non-destructive way, by measuring the spec-
trum scattered by a sample exposed to a light source. For Raman spectroscopy,
a monochromatic light source is used and in the sample the following physical
phenomena can occur:

e If an incoming photon has enough energy, it can excite an electron and
the applied radiation is absorbed. The excitation energy of the electron is
radiated back, the so-called fluorescence, or converted into heat.

e In case of Rayleigh scattering, a part in the order of 10™* of the inci-
dent radiation is scattered back by elastic collisions of the photons with the
molecules of the sample. In this case the scattered energy and hence the
frequency remains the same.

e In case of Raman scattering, a fraction (about 107®8) of the incident light is
scattered back inelastically. Because of the inelastic nature of the collision,
the backscattered light has a frequency different from the incident light,
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-

Figure 4.1: Several vibration modes: symmetric and asymmetric stretching and a bending
mode. All can be Raman-active.

where the frequency difference corresponds to the vibrational frequencies of
the molecule.

The latter phenomenon is used in Raman-spectroscopy, in which the energy-levels
of molecules are explored by examining the frequencies present in the scattered
radiation. The energy difference between the incident and scattered radiation is
used to increase the vibrational or rotational energy of the molecules. However,
the opposite is also possible: upon collision with the incident photon, the molecule
goes to a lower rational or vibrational level and the scattered photon has a higher
energy than the incident photon. This causes anti-Stokes lines.

Because in both cases the energy differences are quite small, monochromatic light
has to be used for the incident radiation to prevent obscuring of the backscattered
spectrum by the incident light. Because only a very small fraction of light is
scattered, the incident source has to be intense.

4.1.1 Rotational and vibrational Raman spectra

The selection rule for rotational Raman transitions is that the molecule has to be
anisotropically polarizable??. This means that the polarisation has a directional
preference. This includes all linear and diatomic molecules, but excludes spherical
rotors like CHy.

The selection rule for vibrational Raman transitions is that the polarisability of
the molecule has to change as the molecule vibrates. See for example figure 4.1.
This includes all types of diatomic molecules. During a period of the vibration,
the attraction between the nucleus and the electron varies, which changes the
polarisability of the molecule.

Once the Raman of a substance is recorded, spectra in literature (e.g. Nyquist?3)
can be used to relate certain peaks to the chemical composition of the substance.

22



CHAPTER 4. ADDITIONAL TECHNIQUES

onochromator
.

laser

microscope
objective

& A
22 2l

\ahAAi

w

sample

/ notch
filter

Figure 4.2: Schematic representation of the confocal Raman microscopy setup. The laser beam
(632 nm) is diffracted by a notch filter and then focussed inside the sample by an objective.
The Raman-scattered light is lead through the notch filter and a mirror to a monochromator.
The monochromator separates all wavelengths in the Raman scattered light, and the resulting
spectrum is recorded.

4.1.2 Confocal Raman microscopy setup

The Raman microscopy setup is schematically represented in figure 4.2. The
laser beam is focussed inside the sample. By changing the point of focus to
different positions inside the film it is possible to obtain Raman-scattered light
from various positions inside the film. The wavelengths in the Raman-scattered
light are separated by a monochromator and recorded. The spectral information
is processed by a computer system.

4.2 Thermal techniques

Thermal analysis techniques are useful for the study of the polymer structure. Dif-
ferential Scanning Calorimetry (DSC) and Thermo Mechanical Analysis (TMA)
are used in the measurements covered in this report. Both techniques have in
common that the sample gets heated (or cooled) during the measurement, while
some property of the sample is measured.

DSC records the heat capacity as a function of temperature and is used to obtain
information on the glass transition temperature and phase or chemical transi-
tions. TMA probes the mechanical properties like elasticity and sample size as a
function of temperature, which also can be used to determine the glass transition
temperature.

4.2.1 DSC

A DSC setup contains two crucibles on top of a furnace, of which one crucible
contains the sample, while the other crucible is empty and acts as a reference,
see figure 4.2. In a DSC measurement, the heat flow to the sample (which is the
heat flow to the container with the sample minus the heat flow to the reference

23



CHAPTER 4
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Figure 4.3: A differential scanning
calorimeter (DSC) contains two containers,
of which one contains the sample. The sec-
ond container is used as a reference. The
DSC measures the heat flow to each con-
tainer. The two flows are subtracted, and
the difference results from the sample.

Figure 4.4: A TMA is based on a tip (T)
touching the sample (S) with a certain pres-
sure or force. The thickness of the sample
is recorded as a function of the temperature.
This type of measurement can reveal prop-
erties like thermal expansion coefficient and
elasticity.

container) as a function of the temperature is recorded.

A DSC uses the Boersma principle?* to measure the heat flow. In this type of
system, the temperature drop over an element with a known heat resistance is
measured to calculate the heat flow. In this very simple system the heat flow is

given by:
AT

¢ = = (4.1)

During a measurement the furnace heats up, and the heat is transported
through the ring with thermophile to the sample and reference container. The
power of the furnace is automatically adjusted to keep a certain rate of heating.
To measure below room temperature, an intracooler is connected to the DSC.
This intracooler always cools the system, while the DSC furnace heats the sample
against the cooling.

The recorded data can be processed using computer software to find phase tran-
sitions or to calculate the enthalpy change of a reaction.

4.2.2 TMA

In thermo mechanical analysis (TMA), the mechanical properties of a sample are
investigated. A TMA system is based on a tip exerting a certain force on the
sample. The thickness of the sample under influence of this force is recorded as a
function of temperature, while the sample is heated, see figure 4.2.

4.2.3 DSC and TMA setup

The thermal analysis of the coatings is performed with a setup consisting of a
Mettler-Toledo DSC822¢ differential scanning calorimeter and a Mettler-Toledo
TMA40 thermo mechanical analyzer. Both are connected to a computer with the
Star software package necessary for the recording and analysis of the data.

The DSC is connected to an intracooler to be able to perform measurements below
room temperature, with a minimum temperature of —65°C. Measurements below
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room temperature with the TMA can be performed using a ’cooling finger’, a
container surrounding the sample that can be filled with liquid nitrogen.

In both cases the rate of cooling can not be adjusted and the temperature is
controlled purely by the amount of heating counteracting the cooling. Using the
measuring software it is possible to set the start and end temperature as well as
the rate of heating. In case of the TMA also the force on the sample can be
adjusted.
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Experimental results

In this chapter some experimental results will be presented and discussed.

In section 5.1 the inevitable heating of a sample by RF pulses will be described.
The results presented in this section will partly determine the NMR settings in
the following sections.

In section 5.2 the properties of the polymer structure of UV cured PEGDA will
be reported. These properties were investigated by measuring the glass transition
temperature and 75 relaxation times.

In section 5.3 measurements are presented that were performed on a triple layer
poly-urethane sample, to investigate if polymer structure properties like the glass
transition temperature can be obtained as a function of depth.

In section 5.4 measurements on UV cured EHA, which does not form a cross-linked
network, are presented.

5.1 Heating of the sample by RF-pulses

As was already discussed in section 3.3 the network properties of polymers can be
investigated by measuring the transverse relaxation time T5. A factor influencing
T, is the temperature. Upon heating the mobility in a polymer increases, increas-
ing the motional averaging of dipolar interactions, resulting in an increasing 75.
So during an experiment it is important to maintain a constant temperature.
An unwanted but inevitable source of temperature increase is formed by the RF-
pulses during a measurement. A temperature increase caused by RF pulses can
be observed by a dependence of T, on the duration of the long delay (LD), see
figure 5.1. When LD is decreased, a higher duty cycle of the RF amplifier will
result in more energy transmitted by the RF coil. During the pulse-sequence the
sample heats up and during the long delay the sample cools down again. The
(average) number of pulses per second is to a good approximation given by:

Nechoes
) 5.1
nechoestecho + LD ( )

where Necnoes 1S the number of echoes in the sequence, t..n, the inter echo time
and LD is the duration of the long delay.
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Figure 5.1: NMR signal decay of UV cured EHA measured as an OW sequence. Decreasing
the LD increases the number of pulses per second and the temperature of the sample, which
results in a slower decay of the signal.

Dechoes | LD pulses s~1 effective

(s) duty cycle (%)
500 0.45 1000 0.1
1000 0.90 1000 0.1
2000 1.80 1000 0.1
1000 0.40 2000 0.2
2000 0.80 2000 0.2
250 0.475 500 0.05
500 0.95 500 0.05
1000 1.90 500 0.05

Table 5.1: Settings for the long delay and the number of echoes (Mechoes) Of an OW sequence
used to study the effect of LD on the temperature. An inter echo time of 100 us is used. The
settings are varied in such a way, that they result in three different values for the average number
of pulses per second. The resulting decay curves of the measurements with these settings are

shown in figure 5.2.
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Figure 5.2: Decay curves for UV-cured EHA. The number of echoes per second and the long
delay have been varied according to table 5.1. Groups of decay curves are visible: each for
settings with a certain number of pulses per second.

To investigate the effect of LD on the temperature, a number of measurements
with varying combinations of long delay and number of echoes (see table 5.1) are
performed . The combinations in table 5.1 are chosen in such a way that several
combinations result in an equal number of pulses per second. This is necessary to
exclude the possibility that the LD dependence of T; is not a temperature effect.
The resulting decay curves are shown in figure 5.2. This figure reveals that the
combinations from table 5.1 with the same duty cycle lead to similar decay curves,
resulting in three groups of decay curves. This indicates that the LD dependence
of the relaxation rate for various pulse settings is indeed caused by a temperature
increase. Although the heating-process itself has not been investigated, it is likely
that thermal radiation from the heated RF-coil plays the most important role
because the coil is close (~ 100 ym) to the sample.

To quantify this increase in temperature during the measurement, a glass sub-
strate with a layer of cured PEGDA 575 (ca. 200 um thick) is used. A fluor optic
temperature sensor (Luxtron FOT labkit) with a surface contact probe is placed
on top of the sample, centered above the RF-coil.
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Figure 5.3: The heating of the sample plotted against the effective duty cycle of the RF coil.
The RF Gain setting has been varied.

The temperature is measured as a function of the number of RF pulses per sec-
ond. This measurement is performed with 1 us pulses. The temperature is found
to increase linearly with the number of pulses per second, see figure 5.3. The
temperature increase is measured for three values of the RF signal power, varying
the intensity of the pulses. The temperature increase has been linear fitted and
is shown in table 5.2 as a function of the number of pulses per second.

5.1.1 Experimental consequences

The results in figure 5.2 show that the effect of heating of the sample by RF pulses
can be compensated by keeping the number of pulses per second constant. When
comparing measurements on the same sample this is important, because variation
of the inter echo time also leads to a variation in number of pulses per second and
the degree of heating. The heating of the sample may lead to a variation in 7.
This variation in T; might be interpreted incorrectly.

When comparing measurements on several samples of varying thickness and ma-
terials, additional factors influencing the temperature increase have to be taken
into account, e.g. the heat capacity, heat conduction, and the size of the sample.
These factors are much harder to compensate for than the number of transmitted
RF pulses per second. Therefore it is recommended to use a small number of
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RF power Temp. increase
[dBm)] | [1073K/(pulses s71)]

-12 4.1

-14 2.4

-16 1.6

Table 5.2: The temperature increase as a function of the RF output. lus pulses are used
pulses.

pulses per second. This way the heating as well as the variation in temperature
increase between samples are kept to a minimum.

In the measurements presented in the following sections the considerations men-
tioned above have been taken into account: the average number of pulses is kept
constant at 1176 s7!, resulting in an average duty cycle of 0.12%.

5.2 PEGDA

A way to investigate and understand the basics of the relation between the NMR
signal and cross-link density of a compound is to vary the cross-link density using
similar chemicals. Thereby the number of variables in the experiment is limited
as much a possible. A possible compound for this experiment is PEGDA, an
acrylate with oligomers of different chain length between the acrylate groups, see
figure 3.1. With this substance the distance between cross-links can be varied
while the type of the chemical composition remains the same. PEGDA oligomers
with molecular weights of 258, 302, 575 and 700 g/mol are commercially available
from Sigma-Aldrich Co.

5.2.1 Sample preparation

The uncured PEGDA oligomers are mixed with 1 mass—% HCPK (Irgacure-184)
photo initiator. After application onto a glass substrates, but before curing, the
samples are exposed to a nitrogen atmosphere for 15-20 minutes to minimise
the amount of oxygen dissolved in the samples. This is necessary to prevent
oxygen inhibition (section 3.1). After 30 seconds of exposure to UV radiation in
the nitrogen atmosphere, samples with an average thickness between 100 um and
300 ym were created.

5.2.2 Degree of curing

PEGDA-700 Raman-spectra of PEGDA-700 before and after curing have been
recorded and are plotted in picture 5.4. The Raman-spectrum after curing is
recorded approximately five minutes after curing. The most important peaks
have been identified using known spectra from the literature?3. Because no spec-
tra of PEGDA-700 are available in the literature, the spectra of similar chemicals
with the same types of groups were used.
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Figure 5.4: The Raman-spectra of PEGDA 700 before and shortly (ca. 5 minutes) after curing.
The peak associated with the -C=C- bonds completely disappears.

The most obvious difference between the two spectra is the complete disappear-
ance of the peak related to the -C=C- bond. This confirms that during curing
cross-links are formed by opening of this bond. There is no remaining signal of
the -C=C- bond after curing and the conversion can be assumed to be complete.
Another difference between the two spectra is the decrease in intensity of the
-C=0 peak after curing. The decrease in intensity can be caused by the changed
molecular structure after curing, or, although no indication for a reaction with
the —C=0 bonds could be found in literature, by a reaction of -C=0 bonds.

PEGDA-258 PEGDA-258 is the PEGDA oligomer with the lowest molecu-
lar weight, resulting in the most dense network structure of the used PEGDA
oligomers. Because the curing takes place below the glass transition tempera-
ture of the final network (see section 5.2.3), the mobility during curing decreases
dramatically, and as a result part of the -C=C- double bonds may not react.
Therefore the degree of double bond conversion for PEGDA-258 was measured,
see figure 5.5.

Contrary to PEGDA-700, still a signal from the -C=C- bond remains after cur-
ing. This remaining signal accounts to approximately 8% of the initial number of
~C=C- bonds, which corresponds to a conversion factor of 92%. This percentage
is also in fair agreement with Priola et al.3, they reported a conversion factor of
94% for PEGDA-258 and full conversion for all higher molecular weight oligomers.
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Figure 5.5: Raman spectrum of the region with the -C=C- and —C=0 bond signals of
PEGDA-258 before and after curing. Contrary to PEGDA-700 still approximately 8% of the ini-
tial -C=C- double bonds are left after curing. The spectrum has been recorded about 24 hours
after curing.

5.2.3 Glass transition temperature

The glass transition temperature T, of the UV cured PEGDA samples has been
measured with a DSC and a TMA, the results are summarised in table 5.3. The
chain length is given by: .
mol ’
where M, is the molecular weight and 54 g/mol is the weight of the two CyHj
groups on both ends of the PEGDA molecule, which do not constitute part of the
chain between the cross-links. The reciprocal chain length is plotted against the
glass transition temperature in figure 5.6. The relation between M, and T, for
PEGDA shown in this figure is in agreement with equation 3.1, which predicts
a linear dependence. Assuming equation 3.1 is valid, the correspondence of the
measured glass transition temperatures of the samples with this equation gives an
indication for the quality of the samples.

The extrapolation of the data in figure 5.6 to M1 = 0 corresponds to the glass
transition temperature of PEGDA networks with infinitely long chains. The value
found from this extrapolation (—100°C) is lower than the value given by Priola

M.= M, —54 (5.2)
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M, | Ty[°C] | T,[°C]

TMA | DSC
700 55| (%)
575 | 34| 26
302 33 34
258 | (%) 64

Table 5.3: Glass transition temperatures of UV cured PEGDA oligomers with different mole-
cular weights M,,. Measurements with TMA and with DSC are tabulated. (*) indicates that
the values could not be measured with the setup used.

et al.3 (—66°C). However, it is in agreement with the temperature range known
for poly(oxy ethylene)?. Poly(oxy ethylene) ([CoHy—O-],) is identical to the
chain between the acrylate groups in PEGDA, see figure 3.1. Therefore, infinitely
long PEGDA chains with negligible fraction of cross-link groups can be viewed as
poly(oxy ethylene).

5.2.4 T, around the glass transition temperature

Polymer chains in the glass state are considered to be immobile compared to the
rubber state, so one would expect large differences in transverse relaxation be-
tween both phases. Indeed, a much faster NMR signal decay is observed when
going from a rubbery state to a glassy state, as shown in figure 5.7. The data sets
plotted in this figure are recorded at room temperature, where PEGDA-575 and
700 are in a rubbery state, while PEGDA-258 is in the glass phase. PEGDA-575
and 700 both have a decay with a relaxation time in the order of ms, the decay
of the NMR signal of PEGDA-258 is much faster (< 0.1 ms.)

The difference in NMR relaxation behaviour above and below glass transition
temperature makes it interesting to measure 75 at temperatures around the glass
transition temperature. Such a measurement can provide insight into the increase
in mobility of the components of the polymer during heating near the glass tran-
sition temperature. It also can provide insight into the presence and temperature
range of a plateau of constant T, (section 3.3).

The PEGDA oligomer of choice for NMR measurements below and above the glass
transition temperature is PEGDA-302. The T} of 34°C of PEGDA-302 is within
the range of temperatures to which the NMR setup can be heated. The T3 distri-
bution of this polymer as a function of temperature is shown in figure 5.8. Below
and just above the glass transition temperature the relaxation is mono-exponential
with a T3 in the order of 0.1 ms. At 20—30°C above the glass transition temper-
ature a second 75 component appears. The relaxation now consists of a longer
T, component (T:™) and a short (T35%) component. Litvinov and Dias? and
Simon et al.?! distinguish also two T components. They assume that the short
component originates from the chains between cross-links, whereas they assume
that the long component originates from dangling and linear chains and loops.

Tshort is shown as a function of temperature in figure 5.9. At temperatures be-
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Figure 5.6: Glass transition temperature as a function of the reciprocal chain length M !.
The measurements of T, by means of DSC as well as by TMA are shown. The error bars are
estimates.

tween the glass transition temperature and approximately 65°C, T is smaller
than the inter echo time (50 us) and can not therefore not be determined correctly.
At temperatures between approximately 65 °C and approximately 90°C, In(7T3"t)
is inversely proportional to T, where T is the temperature in Kelvin. This depen-
dence can be rewritten as:

—E
T5hort o exp <—/€13_72> (5.3)

with a Ej a constant energy and kg Boltzmann’s constant, indicating a thermal
activation with some energy barrier Ey of the motions responsible for averaging
of the dipole-dipole interactions. Fy can be determined by:
dlD(Tg) _ _EO
d(T-1) kg’

(5.4)
resulting in Eg/kp ~ 103 K.

The plateau of constant T35 starts at (92 + 8)°C. The value of T5" on this
plateau is a function of the cross-link density.

5.2.5 Dependence of T, on T,

A relation between the glass transition temperature and the NMR signal de-
cay time T, has already been reported by Litvinov and Dias* for UV cured
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Figure 5.7: NMR signal decay of PEGDA-258, 575, and 700 measured at room temperature.
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Figure 5.8: T, distribution of PEGDA-302 around its glass transition temperature. Below
the glass transition the relaxation behaviour is very fast, whereas at temperatures about 20°C

above the glass transition a slower Ty, component appears. The grey-scale indicates the intensity
of the Ty component.
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Figure 5.9: Short component T§"™ of the spin-spin relaxation of PEGDA-302 as a function
of the reciprocal temperature. Ts"" is on a logarithmic scale. At high temperatures, a plateau
of constant T, is reached.

EHA/PEGDA mixtures. To test this for the PEGDA oligomers, NMR measure-
ments of PEGDA-700, 575, 302 and 258 are performed at 111°C.

The NMR signal decay curves have been bi-exponentially fitted and the resulting
relaxation times are plotted reciprocally against the glass transition temperatures,
in figure 5.10. The reciprocal values of both components of the bi-exponential T5-
fit, T5hort and Ti" show a linear dependence on the glass transition temperature.
Because there is also a linear dependence between the glass transition tempera-
ture and the reciprocal chain length (figure 5.6), this means that the 75 relaxation
rate can be related to the chain length.

One remark concerning the measurement of PEGDA-258 has to be made. The
measurements on PEGDA-302 in figure 5.9 show that the plateau of constant
T, starts between 50°C and 68 °C above the glass transition temperature. If the
same is true for PEGDA-258 (T, = 64 °C) then the plateau of constant 75 may not
have been reached at 111°C, resulting in a too low measurement of T,. However
it may be argued that in a polymer with a higher cross-link density the increase
of T upon heating above T}, is restricted earlier on in the heating process because
of lower mobility of the shorter chains. This means that the plateau is reached at
temperatures closer to T, for PEGDA 258 than expected from the measurement
of the plateau value of PEGDA-302.

A remark has to be made to the behaviour of the long 75 component as a function
of T,. In several publications**' the short 75 component has been linked to the
chains between cross-links, while the long 75 has been linked to dangling chains,
free linear chains and loops. Thus only a dependence between T, and the short
T, component is expected. But, as shown in figure 5.6, both components show
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Figure 5.10: Reciprocal values of relaxation times To°™® and T§"*™ have been plotted as
a function of the glass transition temperature of various UV cured PEGDA oligomers. The
relaxation times are obtained from a bi-exponential fit of the decay curves of an Ostroff-Waugh
measurement with 100 us inter echo time at a temperature of 111°C'.

a dependence on T,. This indicates that in the measurements both relaxation
components are due to chains between cross-links. This assumption implies that
no additional 75 component due to dangling and free linear chains and loops is
observed, indicating a negligible amount of these polymer structure types in the
samples.

5.3 'Triple layer poly-urethane coating

The results of measurements on PEGDA show a clear relation between the glass
transition temperature T, and the reciprocal relaxation time T,. A sample with
3 different layers of polyurethane coatings presents an opportunity to investigate
the possibilities for the acquisition of depth resolved information on the glass tran-
sition temperature. The composition of the sample as well as the glass transition
temperatures of the layers are presented in table 5.4.

NMR measurements have been performed on this sample at various tempera-
tures between 22°C and 110°C . The results of these measurements are plotted
in figure 5.11. This figure only reveals significant differences between the three
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Figure 5.11: NMR profiles of the three layer polyurethane sample, recorded at several tem-
peratures. The top of the sample is near 0 um while the bottom is near 125 pum.

Layer | T, | Crossl. density
[°C] | [mmol/cm3]

1 79 | 1.58
2 69 | 0.98
3 61 | 0.12

Table 5.4: Characteristic properties of the three-layer sample as provided by Akzo-Nobel.

layers at temperatures above the highest glass transition temperature. The up-
permost layer, layer 3 in table 5.4, starts to show a significant increase in signal
intensity from 80°C. The middle layer also starts to show an increased signal-
intensity, although to a lesser degree than the upper layer. At this temperature,
which is approximately the glass transition temperature of layer 1, the latter layer
shows a small signal whereas its signal at lower temperatures is very fast decaying
(T2 = 60 us) and barely visible.

At temperatures sufficiently far above glass transition temperature, one would
expect to find a strong correlation between the glass transition temperature and
T5, see equation 3.2. This implies that the three layers should be distinguishable
in a Ty-profile of the sample. Such a T; profile is shown in figure 5.12.

There is a distinct difference in this 75 profile between layer 1 and layer 2. Layer 1
has much shorter 75 components than layer 2. This difference in T3 is qualita-
tively consistent with the difference in glass transition temperature, 79 °C for
layer 1 versus 69 °C for layer 2. No difference in 75 is observed between layer 2
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Figure 5.12: Ty-profile of the triple layer poly-urethane sample. The data was measured
at a temperature of 110 °C and the relaxation times T§h°™ and To"™ are derived from a bi-
exponential fit of the signal decay.

and 3 in figure 5.12, although there is a difference in T, between these layers.
Nevertheless, layer 2 and 3 can be distinguished by a difference in signal intensity
(figure 5.11). Assuming a similar hydrogen density in both layers, this indicates
the presence of a very short 75 component in layer 2. The relaxation time of this
very short T, component is smaller than the inter echo time and as a result the
associated signal has already vanished before the first echo.

54 EHA

Contrary to the acrylate in the previous section (PEGDA), which forms a cross-
linked network upon curing, the acrylate investigated in this section (EHA) forms
branched chains. This difference in polymer structure results in more degrees of
freedom and a higher mobility in the polymer, which should have a significant
effect on the NMR signal. In this section the observed NMR signal decay of EHA
will be presented and discussed. Also the properties of the NMR signal decay are
related to the microscopic motions in the polymer.
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Figure 5.13: Decay of the NMR signal of UV cured EHA at various temperatures. The signal
decay is much slower than the signal decay of UV cured PEGDA (figure 5.7).

5.4.1 Sample preparation

EHA was mixed with 1 weight-% photoinitiator (HCPK) and was applied onto
glass substrates. After this, the samples were placed in a nitrogen atmosphere for
approximately 15-20 minutes to minimise the dissolved oxygen. Next the samples
were UV-cured for 30 seconds, also in the nitrogen atmosphere. Although the
samples were created with a 200 um spiral applicator, the resulting layers are
approximately 70 ym thick. This is a result of the low viscosity of uncured EHA;
it flows off the substrate before curing. The final coating is viscous and very
sticky, so caution has to be paid to prevent contamination of the sample.

5.4.2 NMR signal decay of EHA

Because of the absence of a cross-linked network in UV cured EHA, the polymer
chains have a higher mobility than in UV cured PEGDA. This results in a much
slower decay of the NMR signal of cured EHA.

In this section the NMR signal decay of UV cured EHA is quantified in two ways.
The first is by means of a bi-exponential fit. The bi-exponential fit is the best
compromise between fit-stability and accurate description of the data.
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Figure 5.14: Temperature dependence of the relaxation times derived from a bi-exponential
fit of the EHA decay curves plotted in figure 5.13. Within the measured temperature range
there appears to be an exponential relation between the relaxation time (T3) and the reciprocal
temperature.

The second fitting-method is by means of a stretched exponential function

¢ B
-(#)
where S is the signal intensity, ¢ the time, T5*" a characteristic relaxation time and
B a stretching parameter between zero and unity. This function is also known as
the Kohlrausch-William-Watts (KWW) function. Although the physical processes
behind this function are not fully understood?, it is generally accepted that
this function describes a wide range of experimental relaxation data, such as
viscoelastic and dielectric relaxation and NMR relaxation in polymers. 272829,
The stretched exponential fit was found to describe the relaxation data of cured
EHA more accurately than the bi-exponential fit. Interpretation of the stretched
exponential fit is, however, less straight-forward because of the lack of knowledge
of the physical processes in the NMR relaxation of EHA leading to the stretched
exponential decay.

S = Spexp : (5.5)

Effect of temperature on the signal decay

The NMR signal of UV cured EHA is shown in figure 5.13 for several temperatures.
As already mentioned above, the decay curves are fitted with a bi-exponential and
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Figure 5.15: Temperature dependence of the stretching factor 8 and characteristic relaxation
time T3'", derived from fits of a stretched exponential function to the data on UV cured EHA,
shown in figure 5.13.

a stretched exponential function.

bi-exponential fit Both T-components of the bi-exponential fit (see figure
5.14) show a behaviour where In(73) is inversely proportional to the tempera-
ture T. In the investigated temperature range, EHA does not show a plateau
of constant T, like PEGDA-302 in figure 5.9. Thermal activation energies FEy
can be calculated from the slope in figure 5.14, see equation 5.4. This re-
sults in Egtrt/kp = (2.0 £ 0.3) x 10® K for the short relaxation time and
EY™ kg = 2.8+ 0.2 x 103 K for the long relaxation time.

Stretched exponential fit The relaxation time 75" and stretching parameter
of the stretched exponential fit are shown in figure 5.15. T35 shows an exponential
dependence on the reciprocal temperature, similar to the one found for the bi-
exponential fit. The slope of In(73) versus T~ results in Ey o, /kp = (3.41£0.2) x
103 K. The stretching parameter 8 does not change significantly between 22 °C
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and 100 °C.

Discussion With both fitting procedures an exponential dependence of the re-
laxation times T3 and T2l°"g , respectively 75, on the reciprocal temperature
(T—!) is found. No plateau of constant T; is observed. This is consistent with the
absence of a cross-linked network in cured EHA. Only cross-linked networks are
expected to show such a plateau, see section 3.3.

The linear relation between In(T3) and T of T§"t and T3, respectively T3t
suggests a thermal activation of the motions of the polymer chains. The energy
derived from the slope of In(T3) vs T~ or In(75%) vs T~! can be viewed as an
energy barrier for certain motions in the polymer.

The activation energies derived from the bi and stretched exponential fits of the
NMR signal decay of EHA are within the same order of magnitude as the acti-
vation energy derived for PEGDA (section 5.2.4). The energy derived from the
stretched-exponential fit is higher than the energies derived from the both compo-
nents of the bi-exponential fit. Because of a higher fitting stability of the stretched
exponential function compared to the bi-exponential fit, the value for Fy found
using the stretched exponential fit is likely to be more reliable.

The linear dependence of In(T§""), In(T2"), and In(73¥) on T-! is an indi-
cation that the degrees of freedom for motions responsible for the relaxation do
not change as a function of temperature. A change in degrees of freedom of the
motions is likely to change the activation energies associated with the processes,
resulting in a change of the slope of T35 vs T~1. This means that the averaging
of the dipole-dipole interactions is dominated by the same type of motion (or
component of the polymer) in the whole temperature range. Only the intensity of
the motion and thus the degree of averaging of the dipole-interactions increases
with increasing temperature.

Dependence of the relaxation on the inter echo time

Measurements on cured EHA show a dependence of the signal decay on the inter
echo time. This is illustrated by, for example, the decay curves plotted with filled
symbols in figure 5.16. It has found to be possible to apply a scaling factor to the
time: t — t -t} , so that the data for the various inter echo times collapses onto
a single curve.

Application of this scaling factor (see for example figure 5.16) shows that
v = 0.21 & 0.03. Additional measurements revealed that =y is constant for all tem-
peratures, and all used field strengths (0.3 T, 0.7 T, 1.5 T and 4.7 T.) The same
inter echo time dependent behaviour with the same scaling factor is observed in

measurements with CPMG sequences.

Possible explanations for the inter echo time dependence of the relax-
ation time

There are several possible explanations for an inter echo time dependence of the
NMR signal decay. The most common is diffusion of chains and chain segments
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Figure 5.16: NMR signal decay of EHA measured with an OW sequence at 22°C (top) and
100°C (bottom.) The filled symbols represent the original decay, whereas the open symbols

show the decay with the original time multiplied by a factor (techo/[us])%%!.
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Figure 5.17: NMR signal decay (Ostroff-Waugh) of EHA measured with a gradient of 36.4
T/m and a much smaller gradient of 96 mT/m for various inter echo times.

in an external magnetic field gradient, but there are also other possibilities like
spin diffusion, spin locking and subsequent measurement of 77, and dipole-dipole
interactions with long correlation times. These possible explanations will now be
subsequently investigated.

Diffusion Usually a dependence of the NMR signal decay on the inter echo time
is explained by diffusion of chains or chain segments in a gradient of the By field.
According to equation 2.18 and appendix A, ordinary diffusion should result in
a quadratic dependence of the NMR signal decay on the inter echo time: v = 2.
This is not the case in the measurements on cured EHA, where v = 0.21 £ 0.03.
A possible explanation for the non-quadratic dependence of the NMR signal decay
on the inter echo time might be anomalous diffusion. Anomalous diffusion is fre-
quently reported?® in polymers and exhibits relatively large diffusion coefficients
on short time scales and smaller diffusion coefficients on longer time scales. The
displacement r by anomalous diffusion is described by <r? >= Dt®* with D the
diffusion coefficient, ¢ the time and 0 < a < 1. This kind of diffusion results in
O<y<?2.

A non-quadratic dependence of the relaxation on the inter echo time is also found
for flip-flop spin diffusion?®3%3!. Flip-flop spin diffusion is a displacement of spin
polarisation by mutual flipping of coupled pairs of dipoles along the polymer chain.
One spin changes its state from up to down, while the partner spin changes its
state in the opposite direction. Subsequent spin flip-flopping along a chain can
results in a displacement of spin polarisation in an equivalent way as the displace-
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ment of spins by diffusion of chains or chain segments. Spin diffusion is known to
exhibit diffusion coefficients in the order of 1071® m?/s.

However, for any kind of diffusion (normal, anomalous, or spin diffusion) in an
external field gradient, the effect of the diffusion on the relaxation has to be de-
pendent on the magnetic field gradient (see for example equation 2.18). This has
been checked by measurements with a gradient of 36.4 T/m and 96 mT/m. The
results of these measurements are shown in figure 5.17. Although a gradient of
96 mT /m is almost negligible compared to a gradient of 36.4 T/m, a similar inter
echo time dependence of the relaxation is observed in both measurements. There-
fore diffusion can not be responsible for the observed inter echo time dependence
of the signal decay. The dependence has to be explained by another mechanism.

T, Inthelimit of a continuous RF-field the magnetisation in the rotating frame
of reference will process around the B field. The magnetisation in the rotating
frame of reference along El will decay with a characteristic time scale T} ,, see
Slichter32. When going from a long inter echo time to a shorter inter echo time
the duty cycle increases. In the limit of very high duty cycles T , is measured
instead of T3, which might account for the observed increase of the measured T,
for short inter echo times. However, even with an inter echo time of 50 us on the
1.5 T, 36.4 T/m setup the duty cycle during the pulse sequence is just 2%, so it
is unlikely that the observed increase in 75 is due to a locking of the spins along
the B) field.

Residual dipolar coupling In polymer systems, molecular motions tend to be
strongly anisotropic: for example, reorientations around the chain axis are much
faster than reorientations of the chain axis itself. Usually in NMR theory a com-
plete motional averaging of all local fields resulting from dipolar interactions is
assumed. In case of strongly anisotropic motions, part of the local fields may not
have been averaged to zero on the time scale of the NMR experiment, resulting
in a residual dipolar coupling. Several publications33343% report such a residual
dipolar coupling in polymer systems.

If motions responsible for averaging of these residual dipolar couplings have char-
acteristic time scales in the order of the inter echo time, it is possible that a
variation of the inter echo time results in a variation of the residual dipolar cou-
pling. This might result in the observed dependence of T, on tecp,-

An indication for interactions on longer characteristic time scales is provided by
a measurement with a stimulated echo sequence (section 2.2.4). The ratio be-
tween the signal intensity of the stimulated echo and the solid echo Ssim/Ssol
as a function of 75 is shown in figure 5.18. After an initial relatively fast decay,
the ratio Sstim/Sso decreases with the longitudinal relaxation time 77 on a longer
time scale.

Because the longitudinal relaxation dominates the decay in figure 5.18 but is not
of primary interest, Sgm/Ssor Was compensated for the longitudinal relaxation.
A plot of Sgiim/Sser versus 7o, which is compensated for longitudinal relaxation,
is shown in figure 5.19. The initial decay of the data in figure 5.19 can be charac-
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Figure 5.18: Stimulated echo measurement of EHA at room temperature. The ratio between
the signal intensities of the stimulated and solid echo is plotted against the time 7o between the
second and third 90° pulse. The different lines refer to different T values, the time between the
first and second 90°. The two dotted lines indicate the longitudinal relaxation.

terised with a characteristic time scale by fitting with the equation:

Sstim ( T2)
=exp|——)+Cy, 5.6
Ssol exp(_T2/T1) P [ 0 ( )

where () is the asymptotic value at high 7, values and 7. a characteristic time
scale for the initial decay. Performing such a fit reveals that 7. = (23 £ 5) ms at
room temperature (ca. 24°C ) with no clear dependence on 7.

Measurements at higher temperatures show a strong decrease of 7, with increasing
temperature. At 54 °C , 7. = (5 + 4)ms, whereas at higher temperatures 7.
becomes too short to be measured.
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Figure 5.19: Stimulated echo measurement of EHA at room temperature. The data in this
figure is identical to the data in figure 5.18, but the ratios of the signal intensities of the
stimulated and solid echo have been compensated for longitudinal relaxation.
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Conclusions and
recommendations

In chapter 5, NMR measurements on UV cured acrylates were presented and dis-
cussed. The most important conclusions, recommendations, and opportunities for
future research will be presented and discussed in this chapter. First, the con-
clusions concerning the investigation of the properties of the polymer structure
by analysis of the transverse relaxation time are presented. Next, the conclusions
concerning the investigation of microscopic motions in the polymer by the NMR
signal decay are presented and discussed.

Many measurements in this report were performed at elevated temperatures.
Therefore, at the end of this chapter some practical aspects of the additional
sample heating equipment (section 2.3.1) and requirements for an improved setup
will be discussed.

6.1 Relation between glass transition tempera-
ture and 75

A relation between the glass transition temperature and the transverse relaxation
for cured PEGDA has been experimentally confirmed. The relation between the
glass transition temperature T, and the transverse relaxation time is in agreement
with the findings by Litvinov and Dias*. Also a linear relation between the chain
length M, and T, as predicted by formula 3.1 has been shown, hence T3 can also
be linked to M,. Assuming the relation between the cross-link density p. and M *
to be linear, the results are also in agreement with the prediction'®* T, o p .

NMR measurements on a triple layer polyurethane coating show that investigation
of polymer structure properties like T, by measuring 75 is not always straightfor-
ward. In the measurements on the polyurethane sample, T, was not sufficiently
large to distinguish all layers from each other. To distinguish the layers, the sig-
nal intensity had to be taken into account. The difference in signal intensity is
probably due to very short 7, components, which cannot be measured with the
used inter echo time setting. Although the inter echo time settings can be ad-
justed to recover at least part of the signal of these short 75 components, this
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deteriorates the resolution. Coatings with high cross-link densities will have short
transverse relaxation times, so a spatially resolved investigation of the proper-
ties of a polymer structure in highly cross-linked coatings demands a compromise
between spatial resolution and the ability to distinguish short 75 values.

6.2 Information on microscopic motions and in-
teractions

The characteristics of the NMR signal decay as a function of temperature were
investigated for cured EHA and cured PEGDA. The thermal activation ener-
gies associated with the increase in Ty in PEGDA (Ey/kp ~ 10° K) and EHA
(Eo/kp = (3.4 £0.2) x 10° K) are in the same order of magnitude, which is an
indication that the averaging of dipolar interactions is governed by similar types
of motions (e.g. segmental or chain motions) in both polymer systems.

In case of PEGDA-302, T; reached a constant value at temperatures approxi-
mately 60°C above glass transition temperature. Such a constant 7, was not
observed in EHA, even at temperatures far above glass transition temperature.
This is in agreement with the theory suggested by Gotlib et al.'°, who suggests
that part of the dipolar interactions are not averaged to zero in cross-linked net-
works, because of the anisotropic motions resulting from restrictions imposed by
the fixed cross-links, see for more detail section 3.3. In branched chains like in
cured EHA there exist no such fixed cross-links and consequently upon heating
all dipolar interactions will eventually be averaged to zero. However, a complete
averaging may only take place on long time scales. At short time scales motions
in EHA are still anisotropic, resulting in residual dipolar interactions, which de-
pend on the experimental time scale. At long time scales the residual dipolar
interactions are averaged to zero. This time scale dependent anisotropy of the
motional averaging of the dipolar interactions may be associated with observed
inter echo time dependence of the NMR signal in EHA, but the exact mechanism
is not clear yet.

6.3 Sample heating equipment

Two ways of heating were distinguished in this report: Heating by RF-pulses and
heating by the sample heating equipment (section 2.3.1).

The heating by RF pulses should always be kept constant in 7; measurements.
This can be achieved by adjusting the long delay, so that the average number of
pulses per second remains constant.

The heating equipment can serve two purposes: to raise the temperature of the
sample sufficiently far above the glass transition temperature, where 75 becomes
a function of p., and, second, to investigate the NMR signal as a function tem-
perature. In the first case, investigation of T3 as a function of cross-link density,
measurements have to be performed in the temperature range of constant 7.
Consequently, temperature variations of several degrees do not change the mea-
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sured T, value and temperature stability is not an important issue.

In the second case, measurement of the behaviour of the NMR signal as a function
of temperature (e.g. figure 5.9), the accuracy and stability of the current heating
equipment is more important. During a measurement of 2 hours, temperature
fluctuations of 4°C have been observed. This means that for a more detailed
investigation of the NMR signal as a function of temperature, the heating equip-
ment has to be improved. A higher stability of the temperature is recommended.
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Appendix A

Comparison between OW and
CPMG signal decay

Measurements performed on NMR-setups with high field-gradients involve some
additional requirements regarding the pulse sequences. One issue is the area
excited by 90° and 180° pulses. A 180° pulse will only excite half the area excited
by a 90° pulse because of a smaller frequency spectrum of the 180° pulse. To
excite the same area by each pulse, an Ostroff-Waugh (OW) sequence, containing
only 90° pulses, can be used. Because only 90° pulses are used, every pulse excites
the same area.

Although the CPMG sequence and the OW sequence are largely similar, there are
some differences between the two which we will discuss in this appendix.

A.1 Echo intensity

One property of the OW sequence is a variation in spin-echo intensity. The
amplitude of the first echo of an OW sequence is just 1/2 of the magnitude of
to the first echo of a CPMG sequence. Although the first echo shows the largest
difference in intensity, the following echoes also show a variation in signal intensity,
see for example figure A.2. The values of the intensities of the echoes can be
obtained by calculation of the coherent pathways3¢. This results in a behaviour
where pairs of successive echoes have the same intensity, see table A.1 and figure
A.1. The value of the echo intensity converges to %\/5 The values in A.1 can
be used to correct the OW-decay before further analysis and interpretation of the
data.

In many cases a correction of only the first echo by 3/2 is sufficient. This correction
makes the intensity of the first echo equal to the intensity of the second echo.
Correction values for other echoes are neglected, because the experimental error
is often larger than the variation in echo intensity.
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DECAY

| echo number | intensity | ors

1 1/2 on

2 and 3 3/4 E

4 and 5 11/16 £

6 and 7 46/64 =

8 and 9 179/256 Foss

10 and 11 730/1024 050 ]

etc. T ; - - -

echo nr.

Table A.1: Magnitude of the
OW-echoes, compared to the
magnitude of the corresponding Figure A.1: Simulation with T, = T} = oo. The
CPMG-echoes. The values corre- ratio between the echo intensity of an OW sequence
spond to the data shown in figure and the corresponding echo intensity of a CPMG se-

quence as a function of the echo number is shown.

A.l
A.2 T, effects

The measured 7T, relaxation time with an OW sequence is longer then when mea-
sured with CPMG sequence, which can be observed in the decay curve of both
sequences, see figure A.2. As a result of the 90°-pulses, part of the longitudinal
magnetisation (M,) is transferred to the transverse magnetisation (M,,). The
longitudinal magnetisation decays with the 7j relaxation time, which is higher
than T, resulting in a slower signal decay.

The difference in the measured (effective) T, in both sequences depends on the
ratio Ty/T;. In figure A.3 the ratio TPW /Ty of an OW sequence is shown as a
function of T PME /Ty of a CPMG sequence.

A.3 Influence of diffusion

The effect of diffusion is different in measurements with OW and CPMG se-
quences. To quantify the effect, a simulation of OW and CPMG sequences is
performed. In this simulation the complete signal decay is due to diffusion with
a diffusion coefficient of 2.1 x 107°m?/s in a gradient of 36.4 T/m. Transverse
and longitudinal relaxation are disabled in the simulation, and the simulation is
performed with inter echo time settings of 50, 100, 200, 300, and 400 us

The decay curves from the simulation with an inter echo time of 100 us are plot-
ted in figure A.4. The signal of the OW sequence shows a faster decay than the
signal of the CPMG sequence. A linear dependence of the reciprocal signal decay
rate on the squared inter echo time ¢2,,  is observed in the simulations of both
the OW and the CPMG sequences (see figure A.5). The simulation of the CPMG
sequence is in agreement with equation 2.18. For the OW sequence, the simula-
tions indicate that the constant of 1/12 in equation 2.18, has to be substituted
by 1/6.0.

The increase of this constant in equation 2.18 for an OW sequence can be un-

93



APPENDIX A

-

0.1 g

signal intensity [a.u.]
ow
T,

0.01 4

-

T T
i CPMG £
10 0.01 7,5, 0.1

o
~N o

4time [ms] ’

Figure A.2: Decay curve of OW and CPMG Figure A.3: Ratio Ty /T measured with an

sequences, simulated without the influence of OW sequence, as a function of the Ty /T ratio
diffusion. Shown are the signal of a CPMG measured with a CPMG sequence. The data
sequence, and that of an OW sequence before points are obtained from simulations of both
and after correction according to table A.1. sequences.

derstood from the fact that the OW sequence consists of 90° pulses, whereas
the CPMG sequence consists of 180° pulses. During an OW sequence, the spin
rephase less often than during a CPMG sequence, thereby increasing the amount
of dephasing due to diffusion before rephasing, increasing the constant in equation
2.18.

A.4 Deviation of the pulse-length

In NMR experiments the flip angle of a 90° or 180° pulse often deviates from the
ideal values of 90° or 180°. This can be due to inaccurate pulse settings or to a
variation of the RF field strength as a function of distance to the NMR coil.

To gain insight into the errors caused by an incorrect flip angle, measurements
and simulations were performed with varying flip angles in CPMG and OW se-
quences. In case of the CPMG sequence the 180° pulse is assumed to be twice
the duration of the 90° pulse.

The measurements were performed on a piece of rubber with 73 = 0.6 s and
T5 = 45 ms. These values were also used as input values for the simulation. The
results are presented in figure A.6. The measurements and simulations of the
CPMG sequence show a parabolic variation of the decay rate around the opti-
mum flip angle of 180°. The OW sequence shows both in the measurement and
the simulation roughly a linear variation of the decay rate as a function of the flip
angle.

The effective T values derived from the measurements are longer than the sim-
ulated values. This may be caused by a second, very long 77 component (> 1)
which was present in the measurement on the rubber sample, but which was
neglected in the simulation.

54



APPENDIX A. COMPARISON BETWEEN OW AND CPMG SIGNAL

DECAY

10000

signal intensity [a.u.]

CPMG

1000 T T

—— Ostroff-Waugh

time [ms]

Figure A.4: Signal intensity as a function
of time of an simulated Ostroff-Waugh and a

CPMG sequence due to
echo time is 100 us

diffusion. The inter

2]
I

a
1

1/(NMR decay rate) [1/ms]

o Ostroff-Waugh
= CPMG o

0.20

Figure A.5: The reciprocal NMR signal de-
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Figure A.6: Decay rate as a function of the the flip angle of the 90° and 180° pulses. Data
obtained from both measurements and simulation are shown. The values on the horizontal axis
show the flip angle of the 90° pulse (top) and that of the 180° pulse (bottom). Data from
simulations and measurements of a CPMG and OW sequence are shown.
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Appendix B

Resolution of the 36.4 T/m NMR
setup

The maximum achievable resolution has been calculated as a function of several
factors: the duration of the signal acquisition window, and the sample dependent
transverse relaxation time T5, see figure B.1. For the calculation, equations 2.14,
and 2.16 are used. In the plots in figure B.1, only a limitation of the resolution
by the plotted parameter is considered.

The resolution is shown within the range of 1 um to 50 um, because this covers
most of the situations encountered during the measurements. Although a reso-
lution of less than 1 um seems possible, it is very hard to place a sample precise
enough in respect to the field-gradient to exploit this resolution.

In liquids the limitation of the resolution is often dominated by diffusive broad-
ening of the line width because 75 is long and the atoms are relatively mobile,
having a large diffusion coefficient D. Furthermore, the root-mean-square (RMS)
displacement v/< r2 > = v/6DT of atoms during the experimental period T, can
limit the maximum achievable resolution in liquids. However, in solid systems
like coatings, D is generally very small®, and T3 short, so a significant influence
of diffusion on the resolution is not expected ",

2D ~ 107 m?/s for a typical polymer melt’
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