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Abstract

Depth profiles taken from the surface of UV irradiated natural rubber sheets have been measured with microscopic resolution using a
Profile NMR-MOUSE®. An NMR observable related to the sum of the spin echoes in the Carr—Purcell-Meiboom-Gill pulse sequence
was used to characterize the cross-link density changes produced by the action of UV radiation in each sheet. The aging process was
investigated as function of irradiation time and penetration depth. An exponential attenuation law with a space dependent absorption
coefficient describes the change in the NMR observable with penetration depth. An Avrami model is used to describe the dependence of
the absorption coefficient on the aging time. The method can be applied to investigate the effect of various aging agents on the surfaces of

elastomers.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The effect of UV light on polymers, and especially on
elastomers is still not completely understood, although
extensive data have been reported on the action of electro-
magnetic radiation on such materials [1-3]. Studying the
interaction of UV irradiation with elastomer networks is
an important topic in polymer science relevant to the poly-
mer industry.

The interest in the transformation of organic polymers
under the action of UV radiation relates to a number of
reasons. First, polymer modification by ionizing radiation
is an important technological means for functionalizing
polymer surfaces [4]. The reaction mechanism is complex
and involves the action of many primary particles. Second,
an analysis of this process is important considering the
material deterioration during processing and use in different
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environmental conditions. One example is the dry etching
of polymer resists in microelectronics. Small structures
require high resolution and thus short wavelength light.
Furthermore, for a lifetime prediction, the natural exposure
to UV radiation has to be considered. The UV component
of sun light deteriorates many polymeric materials espe-
cially in the presence of oxygen. Understanding the long-
term aging characteristics of elastomers is critical for
performance assessment and lifetime prediction of such
materials.

As the irradiation enters from the outside and is
absorbed by the polymer, spatial heterogeneity develops
in originally homogeneous objects. For this purpose, the
development of new experimental techniques that can
probe the spatial heterogeneity of aged polymers is impor-
tant. NMR and especially magnetic resonance imaging
(MRI) are experimental techniques that have seen an
ever-increasing role in material science, particularly in the
spatial analysis of heterogeneous polymers and composites
[5-10, and references therein].
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MRI has been used in the past to investigate polymer
aging and degradation. Over a decade ago Bliimer and Blii-
mich reported the 7, maps of natural rubber thermally
aged in air, which clearly reveal the growth of a surface
layer which hardened with the aging time [11]. MRI has
also been used to investigate the biodegradation of polymer
films [12], the aging in nitrile rubber elastomers [13], the
degradation of rubber and polystyrene [14], the oxidative
aging of natural rubber [15,16], and radiation effects in
polymer gels [17]. Recently, 'H relaxation encoded NMR
images were measured to investigate the thermo-oxidative
aging in a hydroxy-terminated polybutadiene based
elastomer [18] and to establish a correlation with Young’s
modulus. Changes in the transverse relaxation and
double-quantum buildup curves due to 'H residual dipolar
couplings of polymers have been correlated before with the
modulus and induced stress [19-22].

In the last few years, several NMR applications have
been developed which operate in strong static magnetic
field gradients [23,24]. A prominent and most practical
example is the development of single-sided NMR devices
like the NMR-MOUSE® [25,26] with applications to
non-destructive material testing of arbitrarily large objects
[27-30]. For example, the orientation dependence of NMR
parameters can easily be investigated with single-sided
devices for large, stretched samples [29]. Furthermore,
mobile, one-sided NMR imagers have been designed and
applied to material investigations [24,31,32].

The NMR-MOUSE® is characterized by strong inho-
mogeneities of the static and radio-frequency magnetic
fields. But even in the presence of these field inhomogenei-
ties, the NMR relaxation times and parameters of transla-
tional motion can be measured by spin echo techniques [5].
There are several advantages of working with such fields.
The inhomogeneous polarization field By provides spatial
localisation along the gradient direction. Knowing the gra-
dient profile of the sensor, the image of the investigated
object can be reconstructed without spatial distortions in
terms of NMR relaxation and spin density parameters. In
the ideal case of a constant gradient, the image reconstruc-
tion is trivial. Then the spatial resolution is proportional to
the frequency resolution determined by the excitation and
acquisition bandwidths (selective pulse length and acquisi-
tion time). For frequency selective excitation it is straight-
forward that the gradient strength determines the spatial
resolution. By using strong constant gradients, separation
of spatially identical intervals is possible with microscopic
resolution [24].

The aim of this work is to investigate the effect of UV
radiation upon cross-linked natural rubber. A special sin-
gle-sided sensor with an improved magnetic field profile,
the Profile NMR-MOUSE®, was used for this purpose
[24]. High resolution '"H NMR depth profiles have been
obtained of a rubber sample after exposure to UV radia-
tion for several days. An NMR observable related to the
sum of the spin echoes in the Carr—Purcell-Meiboom-Gill
pulse sequence was used to characterize the cross-link den-

sity changes produced by the action of the UV radiation.
An exponential attenuation law with a linearly space
dependent absorption coefficient was proposed to describe
the measured space profiles at different irradiation times.

2. Experimental
2.1. Samples, UV irradiation, and NMR measurements

The investigated elastomer sample is from commercially
available natural rubber (NR) SMR10 (Malaysia). The
additives were 3 phr (parts-per-~undred-rubber) ZnO and
2 phr stearic acid. The sulfur and accelerator contents were
3 phr each. The accelerator is of the standard sulfenamide
type (TBBS, benzothiazyl-2-tert-butyl-sulfenamide). After
mixing the compound in a laboratory mixer at 50 °C, the
sample was vulcanized at 160 °C in a Monsanto MDR-
2000-E vulcameter.

For irradiation, a 300 W Osram Ultravitalux UV lamp
with an emission spectrum in the 300-400 nm wavelength
range was used. The total irradiation time was 8 days.
The NMR measurements were done after 5h, 1 day,
2 days, 4 days, and 8 days of irradiation. The distance
between sample and radiation source was 20 cm.

To characterize the segmental dynamics of elastomers
after irradiation, a setup consisting of the Profile NMR-
MOUSE?® [24] and a high precision lift was used. The Pro-
file NMR-MOUSE® has a flat sensitive volume at a fixed
distance of 5 mm above its surface, and the object is posi-
tioned on top of a lift which contains the NMR-MOUSE®
(Fig. 1a). The lift changes the distance between the NMR-
MOUSE® and the object with a precision better than
10 pm. In this way, the sensitive volume can be shifted
through the object to acquire 'H NMR parameters as a
function of depth into the object (Fig. 1b). In the work
reported below, depth profiles were measured in increments
of 20 um at a resonance frequency of 18.1 MHz in a uni-
form gradient of 22.3 T/m [24].

Carr—Purcell-Meiboom-Gill decays (CPMG) were
acquired in the strongly inhomogeneous magnetic field
of the sensor [24] to measure the transverse NMR relaxa-
tion. The nominal 90° and 180° pulses were 20 us, exciting
a frequency bandwidth of ca. 50 kHz, and the acquisition
time per echo was set to 50 us to achieve a frequency res-
olution of 20 kHz per acquisition step. For each echo 25
points were detected and averaged. The data are acquired
in the linear region of the static polarizing magnetic field.
Given a constant field gradient of ca. 950 kHz/mm the
profiles were acquired by measuring the NMR signals
from slices 20 um thick and parallel to the scanner
surface. Each sample was measured in 30 steps from the
surface up to a depth of 0.6 mm. The dead time of the
radio-frequency setup was 30 ps. The CPMG-train con-
sisted of echoes acquired with echo times of 130 ps. The
number of scans was 256 with a repetition time of 0.5 s.
The NMR experiments were performed at 23 °C with a
temperature stability of +0.1 °C.
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Fig. 1. (a) Experimental setup for the measurement of microscopic profiles across UV aged cross-linked NR samples. The Profile NMR-MOUSE is
mounted on a high precision lift by which the distance between the NMR-MOUSE and the object on top of the lift can be changed with micrometer
resolution. (b) Schematic representation of a section of the object and the sensitive volume at two positions.

Values of the effective transverse relaxation time 7o
were evaluated from mono-exponential fits of the CPMG
echo decays. The average over the microheterogeneity of
the sample is denoted by a bar. A large error in the fit with
a single exponential and an improvement in the quality of
the fit when fitting with a bi- or tri-exponential function
revealed a multi-exponential nature of the decays (Fig. 2).
However, the use of a fit function with a large number of
exponentials complicates this study which is mainly

normalized amplitude

CPMG decay time [ms]

focused on mapping the layer structure generated by the
irradiation.

To investigate the aging process, an NMR parameter
with high sensitivity towards changes in the rubber net-
work segmental dynamics is needed, as the changes
induced by UV radiation in terms of the CPMG decay
are small. The NMR observable is derived from the CPMG
decay and will be discussed in the next section. The normal-
ization of the echo decays was done by division to the aver-
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Fig. 2. Mono-exponential and tri-exponential fits of a CPMG echo decay measured in a 20 um thick sheet of an UV aged NR sample. The zoomed
sections of the decay reveal improvements in the fit when going from a mono-exponential to a tri-exponential fit.
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age amplitude of the first five echoes. A summation of
Neeho €choes increases the signal-to-noise ratio S/N by
approximately:

S
— X
N
The first echo is excluded from summation as it is known to
be lower than the second for CPMG echoes in strongly

inhomogeneous fields [33].

Necho- (1)

2.2. Definition of the NMR parameter

The amplitude Snymr of each point in the depth profile is
derived from the envelope of the CPMG echo decay. Sup-
pose the echo decay is described by an exponential function
characterized by an average effective transverse relaxation
time Tog. Let us denote with S, the amplitude of the
CPMG train extrapolated to =0 by ignoring the first
echo. The sum of the echoes 2 to N + 1 is then given by

N oo ou
Sy =38y Ze TZeff7 (2)
i=1

where 27 is the echo time. We will define our NMR variable
as:

2ti

SN s =
SNMR = S0 = ;e Tt , (3)

After computing the sum of N terms in the Syygr above
geometrical progression (Eq. (3)) we can write:
1 — eXp{—Z‘EN/Tzeff}
1-— exp{—Zr/TZCff} '

For an echo time 27 that fulfills the condition 2t < Taest
we finally obtain

N
— T 2t
S ~ T 2eff Tzeff (1 B 72eff) 5
NMR ~ 21_ - 21_ . ( )

If the condition 2t/T s < 2 is fulfilled, the second term in
the expression above is small and can be neglected, so that
one can write

(4)

SNMR =

TZeff
S ~ . 6
NMR 21_ ( )

In the limit of short echo time, the NMR observable is pro-
portional to Tar.

3. Results and discussion
3.1. Interaction of UV radiation with elastomers

The effect of UV irradiation on elastomers depends
on the radiation energy and the irradiation time. At low
radiation energy, the predominant process is photolysis
characterized by a predominance of molecular hydro-
gen elimination. At shorter wavelengths (VUV) the
radiolysis (free radical process) and photolysis give rela-

tively similar contributions [4]. The differences consist
of reactions of photo-excited singlet states of polymer
molecules during photolysis while in the radiolysis the
dominant contribution is given by excited triplet and
ionized states.

When a polymer is irradiated with UV light, primary
and secondary processes take place [4]. The primary pro-
cesses are first transformations which occur when the poly-
mer chain absorbs radiation doses exceeding its ionization
energy, leading to formation of charge pairs, free charges,
singlet excitation, and in much smaller amount, triplet exci-
tation. The excited states can further decompose following
either a free radical path with yields of macromolecular
radicals and protons, or the molecular path when molecu-
lar hydrogen is produced with the formation of double
bonds in the macromolecule. At high irradiation energies,
the polymer chain can be destroyed with the formation of
long chained radicals.

Rearrangements are known as secondary processes.
Here the previously formed hydrogen atoms or molecules
can either recombine with the macromolecules forming
molecular hydrogen-radical pairs or saturating double
bonds, or the unsaturated double bonds can migrate along
the macromolecular backbone. In parallel, the ionization
of double bonds can result in great acceleration of the
decay of double bonds in the processes of intramolecular
cross-linking (cyclization) and intermolecular cross-linking.
Meanwhile, ionic cross-linking and physical cross-linking
(entanglements) as a consequence of increased entropy
are likely to occur, enhancing even more the cross-link den-
sity of the irradiated polymer.

3.2. UV aging of cross-linked natural rubber

The effect of UV radiation on cross-linked natural
rubber was characterized not only as function of penetra-
tion depth but also as function of irradiation time. The
main effect of the complex aging process is an increase
in the cross-link density at the surface of the sample.
This leads to a larger attenuation of the CPMG decays
and therefore, to smaller values of our NMR observable.
The position of the edge of the sample was determined
by moving the NMR sensor in 20 pm increments until
a NMR signal was detected. The attenuation of the radi-
ation intensity with the penetration depth is represented
by a plot of 1/Symr that is proportional to the effective
transverse relaxation rate (Eq. (6) and Fig. 3). This
NMR parameter is related linearly to the cross-link den-
sity [34].

The experimental data can be interpreted in the first
approximation by considering an average attenuation coef-
ficient (i) that can be evaluated based on the Beer—Lam-
bert law. In this case the attenuation coefficient does not
change with the position inside the sample but depends
on the irradiation time ¢, i.e., {u) = (u)(¢). In the limit of
the above approximation the attenuation law of the UV
radiation is written as:
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Fig. 3. Effects of UV aging versus depth for different UV irradiation
times. The quantity 1/Snmr 1S proportional to the reciprocal of the
effective transverse relaxation time.

I(x) = Toe ", (7)

where I(x) is the intensity of the UV radiation at a distance
x from the sample surface. The intensity of the radiation at
the surface x =0 is I,

Fitting the experimental data shown in Fig. 3 with the
exponential function above, the value of (u) is obtained.
A plot of the average attenuation coefficient versus aging
time shows a decrease of (i) with increasing irradiation
time (Fig. 4). The quasi-linear decrease of (1) with increas-
ing irradiation time can be explained by the primary pro-
cesses of photolysis discussed in Section 3.1. The
efficiency of this process increases proportional to the irra-
diation time. The more chains are broken the less attenu-
ated the incident light intensity is at a given depth x in
the material. In this scenario, the secondary processes like
cyclization, intermolecular cross-linking, and ionic cross-
linking, which theoretically occur with high probability,
seem to be neglected. Meanwhile, physical processes like
entanglements (physical cross-linking) as a consequence
of the higher mobility of the broken chains are likely to
occur as well. Due to these complex processes the attenua-
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Fig. 4. Variation of the average attenuation coefficient (i) with the UV
irradiation time (depth independent attenuation coefficient approach). The
quasi-linear decrease (solid-line) of the attenuation coefficient suggests
time-proportional changes of the polymer material exposed to UV
irradiation.

tion coefficient of UV radiation can depend on the intensity
of the radiation and therefore on the position of the inves-
tigated sample layer from the surface.

3.3. Depth dependent radiation attenuation coefficient

When irradiating an elastomer with UV radiation, chain
scissions will be induced in the polymer network. The topo-
logical constraints and cross-link density will change grad-
ually from the network surface into the bulk. Therefore,
not only the intensity /(x) of UV radiation will change with
the distance x from the surface but also the attenuation
coefficient u will become space dependent, i.e. u= u(x).
We assume that pu(x) is a quantity that exponentially
decreases with the distance in the sample and write

u(x) = o exp{—kx}, (®)

where pu(x) is the attenuation coefficient at depth x,
Lo = u(x = 0) is the UV absorption coefficient at the surface
of our sample, and k is the spatial decay constant of the
absorption coefficient. This coefficient can be correlated
with supplementary cross-linking induced by the UV radi-
ation in the polymer network. In principle, both quantities
Lo and k are functions of the irradiation time.

The attenuation law of the UV irradiation takes into
account the gradual change of electromagnetic radiation
intensity with the distance. The Beer—Lambert law can be
generalized for the case of a space dependent absorption
coefficient, and from Egs. (7) and (8) we have

di(x)
Cdx

where I(x) is the intensity of the incident UV radiation at
the depth x measured from the polymer network surface.
The solution of Eq. (9) gives the dependence of the UV
intensity I(x) as a function of the penetration distance x
measured from the sample surface. It has the form

1(x) = Iy exp {% (e — 1)}. (10)

— — e MI(x), 9)

The intensity of UV radiation at the surface of the polymer
network is denoted by ;. When kx < 1, the classical law of
radiation attenuation is obtained from Eq. (10), i.e.,
I(x) = Iyexp{—uo x}. For small variations of u, the general-
ized attenuation law becomes I(x) = Iyexp{—{u)x} where
() is the average value of u(x).

The data shown in Fig. 3 represent the NMR signal as
function of depth for different aging times. They were fitted
with Eq. (10). These fits are shown in Fig. 5a. Fig. 5b
depicts one of the experimental data sets (sample irradiated
for 2 days) together with the fit function. Plots of yy and k
versus irradiation time are shown in Fig. 6a and b, respec-
tively. A monotonic decrease of y with the irradiation time
is observed (Eq. (8)). The plot of y versus irradiation time
(Fig. 6a) shows an increase of the attenuation coefficient at
the sample surface followed by saturation after ca. 2 days
of irradiation. This increase can be explained as conse-
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Fig. 5. (a) Fits of 1/Snymr as function of depth for different aging times
with Eq. (10). (b) One of the experimental data sets (NR UV irradiated for
2 days) together with the fit curve. The uncertainty of the fit is less than 4%.

quence of the increasing UV radiation induced cross-link
density until saturation. The decrease of the quantity k
(Fig. 6b) suggests a tendency that the variation of p with
depth is reduced at prolonged exposure of the polymer to
irradiation. When going to extremely long irradiation
times, k£ becomes very small and the attenuation coefficient
u will be constant along the irradiation depth direction, i.e.,
H(x) &~ Ko.

The dependence of the quantity y, on the aging time ¢
can be quantified based on a law similar to the Avrami
law [35]. We chose this dependence to be of the form:

Ho = A> — Ay exp(—K1"), (11)

where K and n are Avrami-like parameters. The difference
A, — Ay corresponds to the value of pg at the aging time
t = 0. The coefficient A, describes the saturation value of
Uo- This equation was used to fit our experimental data,
namely uo versus aging time (Fig. 6a). The quality of the
fit supports the Avrami-like functional dependence for
the interpretation of the evolution of aging effects in NR
induced by UV light with the aging time.

4. Conclusions

The aging process of cross-linked NR under the effect of
UV light has been studied by 'H transverse relaxation with
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Fig. 6. (a) Plot of po versus aging time fitted with an Avrami model
function. (b) Plot of k versus UV irradiation time. The plot suggests a
monotonic decrease of the variation rate of p with the irradiation time.

a unilateral NMR sensor. The Profile NMR-MOUSE®
provides depth resolution in the micrometer range and
was found to be a unique tool for measuring of the changes
induced by UV irradiation in natural rubber. An NMR
observable based on the sum of initial CPMG echoes was
shown to be proportional to Thy and used to build UV
attenuation profiles.

The aging profiles were interpreted for the first time
based on a model in which the radiation absorption coeffi-
cient depends on the depth in the sample. The parameters
describing the depth dependence of the radiation attenua-
tion coefficients are functions of the aging time. An Avram-
i-like equation was proposed to describe the changes in the
absorption coefficient with irradiation time. Being a sensi-
tive method for the measurement of cross-link density
modifications in elastomers, NMR relaxometry with high
precision mobile sensors like the profile NMR-MOUSE®
can be used to quantitatively and qualitatively characterize
the surface aging effects induced by different physical and
chemical agents.
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