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Abstract

The effect of weather and aging on the properties of polymer coatings was studied using solid-state NMR spectroscopy. Colorbond
polymer coatings were aged in an accelerated weathering tester and ?C NMR spectra were obtained. NMR relaxation times ('*C T,, 'H T,
T},) and line width were measured to study the changes in dynamics and structure of the polymer coating due to the effect of UV light and
weathering. No changes in chemical shift were observed between fresh and aged polymer coating. A difference in '*C T, and a small change
in cross-polarization time between fresh and aged samples were observed. These changes in molecular mobility may be useful in under-
standing the physical effects of aging and correlating changes in NMR relaxation times to weathering of polymer coatings. © 2000 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Polymer coatings, including nitrocellulose, polyester,
latex and acrylic (a polymer of acrylates, methacrylates
and similar monomers), are widely used as paints. The top
coat is required for esthetic qualities (color and gloss) and as
a protective layer since it interacts with the environment and
must provide resistance to the conditions encountered
including irradiation, oxidation, hydrolysis and the action
of aggressive fluids. Coatings are normally exposed to the
environment, leading to changes in density, void space,
permeability, elasticity and resistivity [1]. These changes
take place with time and are known as aging of coatings.

Chemical aging of coatings involves the process of oxida-
tive degradation. Coating structures should be designed to
reduce the absorption of short wavelength solar radiation so
as to avoid the generation of radicals and photochemical
reactions, which speed up the aging rate of polymer coat-
ings. Physical aging is due to the slow changes that occur in
coatings with time. When amorphous polymers are cooled
through their 7, (glass transition temperature), they solidify
and stiffen to form glasses. In this glassy state, the rate of
structural relaxation becomes very slow and the polymer
conformations are fixed in a non-equilibrium state. If the
temperature is held at some value below T, the process of
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relaxation towards an equilibrium configuration continues
and as a result many material properties change with time.
The process of physical aging is highly temperature depen-
dent, and is fastest at temperatures closest to 7.

Chemical and physical changes due to aging may be
detected by nuclear magnetic resonance (NMR) spectro-
scopy [2—4]. Although solution-state NMR provides the
most detailed structural information, solid-state NMR
provides important information about internal molecular
motions and dynamics and is applicable to insoluble
samples such as cured films and paints [5,6]. In the present
work, we report changes in NMR parameters of Colorbond
polymer coatings with age. Colorbond samples were chosen
because of their industrial relevance to current production
techniques and their improved product durability. Color-
bond is a polyester paint designed to withstand the harsh
outdoor Australian climate and is subject to extremes in heat
and humidity. Although previous studies have reported on
the aging of polymers [7], to date no work has been reported
in the open literature on the aging of this class of polymers,
which are directly bound to the surface.

The mobility of groups within the polymer can be
measured using solid-state *C NMR techniques. The poly-
mer basically consists of a carbon backbone surrounded by
protons. These protons interact with each other via a
dipole—dipole interaction resulting in broad resonance
lines for solid samples and, since protons have a small
chemical shift range, resonance lines overlap in proton
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NMR spectra. BC_13C interactions, however, are rare since
3C abundance is only 1.108% and, since BC nuclei have a
large chemical shift range, better spectral resolution is
obtained. C—'H interactions are particularly important
since a *C spectrum can be obtained by transferring magne-
tization from protons to the less abundant isotope, "*C. This
enhances the °C signals and is called cross polarization
(CP). CP allows faster signal acquisition since the longitu-
dinal relaxation times, 7}, of 'H are shorter than *C [7,8].
Spectral resolution is enhanced by magic angle spinning
(MAS), which involves placing a rotor containing the
sample at an angle 54.7° to the magnetic field and spinning
at several kHz. The line broadening caused by chemical
shift anisotropy and dipolar interactions is reduced [9,10].

Molecular motion can be measured using the NMR
relaxation times T, Ty, and T5. T is the spin—lattice relaxa-
tion time and relates to fast molecular motion on the w( time
scale or Larmor frequency (MHz). Spin—Ilattice relaxation
involves a loss of energy by the excited nucleus to the
surrounding environment or lattice [7,8,11]. The rate at
which this relaxation process occurs is measured by the
spin—lattice relaxation time (1/7} = rate). The closer the
motional frequencies of the lattice are to the Larmor
frequencies of the nuclei, the more efficient is the transfer
of the magnetization (i.e. the shorter the T;). 7| measure-
ments are usually limited to molecular motions in the
107 Hz frequency range.

Both proton and carbon 7', measurements are reported in
this work. 'H 7} gives average information about dynamics
from all the groups in the molecule since protons are
~100% abundant [12]. The °C T, gives information
about the dynamics of individual groups on molecules
since the "C nuclei are rare and there is little relaxation
from other *C nuclei [10,13].

T), is the spin-lattice relaxation time in the rotating
frame [12]. It is similar to 7; in the static field but due to
spin—lattice interactions in the rotating frame. In CP experi-
ments, the magnetization initially builds up to a maximum
due to the carbon—proton dipolar interactions in the spin-
locking field, w;, and decays exponentially to equilibrium
with the time constant T',. The values of T, are used both to
measure the molecular dynamics on the kHz time scale of
w; and to report on the length scale of polymer mixing
[14,15].

T, is the spin—spin relaxation time and is the time
constant for the decay of the precessing X—Y component
of the magnetization [7,8,11]. 7, gives information
about the distribution of resonant frequencies and
about the local fields experienced by the magnetic
moments of the nuclei. In liquids, the local magnetic
fields fluctuate very rapidly and, therefore, quickly aver-
age to =0 to yield long 7,s and narrow resonance
lines. The atoms in solids are in nearly fixed positions,
and the internal fields are significant, which results in
the rapid loss of coherence and short 7,s (micro-
seconds). T, is related to the inverse of the resonance

line width and thus 7, in solids is short and the reso-
nance lines are broad.

Changes in the NMR relaxation times 7,, T, and T,
report on changes in molecular motion from slow to fast
timescales. Colorbond polymer coatings were exposed for
different periods in a weathering test situation and the effect
on NMR relaxation times was studied.

2. Experimental
2.1. Materials and methods

Two samples of polymer coatings, Merino and Off-White
Colorbonds, were obtained from BHP Research Laboratory
(Melbourne, Australia). Merino and Off-White polymer
coatings are polyester paints whose composition includes,
diols, diacids, triols, and cross-linkers. The monomer
components (diol, diacid and triol) are heated from 60 to
120°C to polymerize. The liquid paint, mixture of polymer,
solvent, cross-linkers, catalyst and blocker, are reacted
together for a short time at 235°C to produce the coating
film. Merino and Off-White Colorbond are made from the
same polyester but they differ in color pigmentation.

The colorbond used in the present study was painted onto
an aluminum metal surface and cured. The solid coating
films were used for NMR studies either as new (fresh) or
as aged samples, after being aged for a period of time in an
accelerated manner. The fresh coating was smooth and
adhered well to the metal surface. The Off-White polymer
coating film was cut into three equal sheets (8§ X 11 cm?).
One was used as the fresh Off-White sample and the other
two were aged for 1 and 10 days, respectively.

The aging process of the sample was done in a QUV-
accelerated weathering tester at Dulux (Melbourne, Austra-
lia). The weathering tester consists of a cabinet with a UV
power source and humidity control, which can be set to
mimic sunshine and rain and results in the polymer coating
being aged much faster than in an outdoor situation. The
conditions for aging were a 12-h rotation exposure consist-
ing of: (a) UV cycle (40 W and 280 = A =320nm) 8 h
duration with temperature set to 60°C, and (b) condensation
cycle (80% humidity) 4 h duration with temperature at
40°C. Samples aged 1day underwent two 12-h cycles
(24 h) and samples aged 10 days underwent 21 cycles.

Four Colorbond preparations were studied: (i) Merino
fresh; (ii) Off-White fresh; (iii) Off-White aged 1 day and
(iv) Off-White aged 10 days. The coating film was removed
from the substrate for NMR relaxation studies.

2.2. NMR

'H T, ®C T, and T, relaxation times [10,12—14] were
measured for fresh and aged polymer coatings. The polymer
coating was carefully removed from the surface of the metal
sheet and approximately 0.1 g packed into a MAS rotor. The
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Fig. 1. (a) An example of a 'H T, measurement for fresh Merino coating
where (®) represents relative peak height for a particular resonance plotted
against delay time (d,) and (- - -) the best fit to the equation: ¥ = —A +
(H + A) exp(—d,/T); (b) The results of a T}, experiment where (#) repre-
sents relative peak height as a function of contact time (7) and (- - -)
represents the best fit to the equation: Y = H exp(=T/T),)(1 —
exp(—T/Tch)); (c) A plot of (@) relative peak height against delay time
T for a 1*C T; relaxation time experiment. The curve (- - -) represents the
best fit to the equation: ¥ = H exp(—T1/T).

Table 1
Assignment of major peaks in *C CP MAS spectra of Colorbond polymer
coatings

Peak no. 13C chemical shift (8 in ppm) Assignment
Peak 1 171.7 Carboxyl carbons
on aliphatic chain
Peak 2 164.3 Carboxyl carbons
on aromatic rings
Peak 3 130.3 Aromatic carbons
Peak 4 68.2 Ether carbons
Peak 5 34.2 Aliphatic carbons
Peak 6 21.3 Methyl carbons

rotor was a 5-mm thin wall, silicon nitride (Si3N,) type with
Kel-F caps (Doty Scientific Inc., SC).

NMR experiments were carried out using a Varian Inova
NMR Spectrometer (Palo Alto, CA) with a fixed magnetic
field strength of 7.0461 T and operating at 300 and
75.435 MHz for 'H and "C, respectively. The following
experimental conditions were typical: /2 pulse = 3.8 us,
contact time = 2 ms, recycle delay time =4 or 2 s, sweep
width 50kHz, MAS speed=8kHz, number of
scans = 2048 and line broadening = 75 Hz.

'H T, was measured using an inversion-recovery pulse
sequence with '°C CPMAS [12]. The graph of relative
peak height for each resonance versus delay time was
analyzed using both the Varian fitting routine and a curve
fitting program with the equation: Y= —-A+ (H +
A) exp(—d,/T;), where Y is the relative peak height, A and
H are constants, and d, is the delay time, typically from 0.1
to 8 s. An example of a 'H T} measurement for fresh Merino
is in Fig. la. '"H T, measurements were repeated at least
three times for each sample to obtain an average value
and standard deviation.

T, was determined by varying the proton—carbon contact

6
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Fig. 2. A "*C CPMAS spectrum of a Colorbond polymer sample, fresh Merino spinning at 10 kHz. The main carbon chemical groups were assigned as listed in
Table 1 and conditions used were 2 ms contact time, 2 s repetition delay and 25 Hz line-broadening.
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Table 2
C T relaxation times of fresh and aged Colorbond polymer coatings
Sample BCT(s)

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
Merino fresh 84+14 332+4.1 12.1 £ 1.1 24+0.7 5.1x04 0.6 =0.1
Off-White fresh 8.5+0.6 33.1%£33 12.1 £ 1.1 23+05 483+04 0.6 =0.1
Off-White aged 1 day 7.6 £0.6 183 1.7 10.3 £0.5 22+0.3 52*06 0.6 = 0.1
Off-White aged 10 days 75*0.5 219+ 19 10.8 £ 0.5 21%03 4.6*+0.6 0.6 0.1

time for CPMAS experiments and then plotting relative
peak intensity against the contact time [12]. The growth
of the curve represents the build-up of magnetization and
gives the Tcy, and the decay yields T),. The results of a T},
experiment are shown in Fig. 1b. The curve represents the
best fit using the equation: Y = H exp(=T/T;,)(1 —
exp(—T/Tcy)), where Y is the peak height, H a constant,
and T the contact time, typically between 0.1 and 12 ms.

The measurement of the '°C spin—lattice relaxation time
was obtained using the NMR pulse sequence of Torchia
[13], which is a CP method for measuring 7 of BC nuclei
with several advantages compared to the usual inversion-
recovery methods [13]. The Be T, relaxation time value
was obtained by plotting peak height against delay time
and fitting the equation: Y = H exp(—T7/T;), where Y is
the peak height, H a constant, and 7 the delay time, typically
between 0.05 and 35 s (see Fig. 1c).

3. Results and discussion
3.1. NMR chemical shift assignments

An example of a C CPMAS spectrum of a polymer
sample, spinning at 8 kHz is shown in Fig. 2. The "C

40

NMR spectra of both Merino and Off White polymer coat-
ings were similar with six main carbon chemical groups that
were assigned as listed in Table 1.

3.2. Line width and T,

Since the value of T, is related approximately to the
inverse of line width, the line widths of individual groups
from the *C NMR spectrum were measured for fresh and
aged Off-White coating. T, estimated from the line width for
all groups other than the ether carbons where spectral over-
lap was a difficulty, was approximately 0.2 ms for fresh and
aged Colorbond coating. Little difference was seen indicat-
ing that this 75, does not change during the aging process of
the polymer. In addition, no chemical shift change was
detected, indicating little change in the chemical nature of
the coating.

3.3. ¢ T, relaxation times

A summary of Bc T, relaxation times for fresh Merino,
fresh Off-White and aged Off-White coating is shown in
Table 2. The *C 7, for fresh Merino and fresh Off-White
were very similar. This is not unexpected since both samples

30 A
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Fig. 3. Graph of "*C T relaxation times for major resonances of fresh and aged Off-White Colorbond coating: # fresh coating; M accelerated aging for 1 day;

and A accelerated aging for 10 days.
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Fig. 4. A graph 'H T; relaxation times for fresh Off-White and aged Off-White Colorbond polymer coatings: # fresh coatings; B accelerated aging for 1 day;

and A accelerated aging for 10 days.

have similar physical and chemical properties and are only
slightly different in color.

A graph of °C T relaxation times for resonances of fresh
and aged Off-White Colorbond is shown in Fig. 3. It was
observed that the *C 7} value for the carboxyl group with
the aromatic group attached (peak 2 at 164.3 ppm)
decreased as the polymer coating was aged. This difference
between the fresh and aged polymer may be due to the
compacting of the sample (density increases with aging).
This could shorten the °C T; value as the aromatic group
was restricted and hence was able to relax faster. The
restriction of the rings increased the intensity of motion
on the w, timescale, and relaxed the carboxyl carbons to
which the aromatic groups were attached. However, since
the aromatic groups are relatively isolated from one another,
and there is little change in the mobility of the polymer
backbone, the T, relaxation of the rings showed little
change.

The small difference observed between the aged 1 day
and aged 10 days Off-White coating could be that, as a
result of aging, the polymer compacts to a certain point
beyond which the molecular groups cannot get closer.

34.'H T, relaxation times

It was observed that the value of 'H T} for fresh and aged
polymer coating was very similar with an average value of
around 1's. A graph of 'H Ty for fresh Off-White and aged
Off-White Colorbond is shown in Fig. 4. The 'H T results
were shorter and showed less variation between groups than
BC T values in fresh and aged polymer coating due to the
abundance of protons in the carbon backbone of the poly-
mer. These protons interact with each other, causing the
proton magnetization to relax quickly. Since the 'H T}
reports on the average relaxation rate of protons of the
whole sample, specific changes in molecular motion as
seen by "“C T, for the carboxyl carbons are not easily
detected by 'H 7).

3.5. Tlp and TCH

The T, relaxation time of fresh and aged polymers did
not show much change and had an average value around
12 ms for each group. However, it was observed that the Ty
(the build-up of magnetization) for different molecular

Relative peak height

Contact time (ms)

Fig. 5. A graph of relative peak height versus contact time for fresh Off-White Colorbond for each of the major '*C resonance; [ peak 1; B peak 2; ® peak 3;

X peak 4; @ peak 5; and O peak 6.



930 F. Separovic et al. / Polymer 42 (2001) 925-930

groups of the polymer varied with the carboxyl carbons
having longer Ty values than the aliphatic carbons [16].
A graph of relative peak height versus contact time for
fresh Off-White Colorbond is shown in Fig. 5. The parallel
decay curves indicate that all peaks had similar 7, values.

A small change in the build up of magnetization between
fresh and aged polymer coating (i.e. a change in the proton—
carbon cross polarization time, Tcy) was detected for peak 2
(164.3 ppm, carboxyl adjacent to aromatic groups). Smaller
changes were seen for peak 1 (171.7 ppm, carboxyl next to
aliphatic carbons) and peak 5 (34.2 ppm, R—CH,—R).

The signal intensity depends on the CP or contact time
and it is a result of the net magnetization transfer from
proton to carbon nuclei. The efficiency of this process is
dependent on the C—H dipole interaction, which may alter
as the polymer ages. Changes in C—H distance, molecular
motion and viscoelastic properties [17] can result in a
change in the rate of magnetization transfer. Although a
small change was observed for the carboxyl peaks, Tcy for
the other resonances was observed to be similar for fresh
and aged polymer coating.

The Ty values for peak 2 was ~1 ms for fresh polymer
and ~2 ms for aged polymers. Parker et al. [18] have shown
that the Young’s modulus is proportional to (1/TCH)2. This
would suggest, therefore, that Young’s modulus of the aged
polymers was four times smaller than that of unaged
polymer, opposite to that reported for rubber [17]. An
increase in the Young’s modulus and in Tcy are both
normally associated with an increase in motion. However,
the timescale of the motions that affect 7Tcy, dominated by
dipole—dipole interactions, are slower than those that affect
T,. The restriction of the aromatic groups has led to a
decrease in faster motions (i.e. the T; timescale, ns—us),
and led to an increase in intensity in slower motions (us—
ms timescale of T¢y); leading to changes that affect both the
T, and Ty of the carboxyl carbons to which the rings are
attached. AFM and FTIR studies of Colorbond also showed
an increase in molecular packing with age (unpublished
results). With age, the polymer coatings normally
became less permeable and more motionally restricted,
which was reflected in the changes seen in the NMR
relaxation times.

4. Conclusions

In summary, there are only minor changes in 'H 7} and
T, between the fresh and aged Colorbond polymer coating.
Similarly, no changes in line widths between fresh and aged
coatings were seen. On the other hand, a change in °C T}
values was observed between fresh and aged Colorbond

polymers for carboxyl carbons adjacent to aromatic rings
(6 = 164.3 ppm). The carbon network was more sensitive to
changes in intermolecular distances as a result of ‘shrink-
age’ of the coating induced by weathering. Although
protons are more sensitive to intermolecular interactions,
they are not affected as much as the backbone carbons by
changes in polymer structure. The "*C T relaxation of the
carboxyl carbons decreased as the polymer aged indicating
that the distance and/or orientation to the CP protons was
changed as the structure condensed. Since we saw an
increase in Tcy values, this suggests a restricted magnetiza-
tion transfer in aged Colorbond samples.

The NMR parameters °C T, and Tcy changed with aging
of Colorbond samples and hence, provide a measure of
changes in molecular motion of polymers during the aging
process. These changes in molecular mobility are also
related to changes in bulk properties of the polymer coating.
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