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The fading mechanism of paint films comprising an insoluble azo pigment and titanium dioxide was

investigated using ESR and FT-IR spectrometers and the results of outdoor exposure tests.
netic species were found in paint films at room temperature.

Some paramag-
They showed no hyperfine structure and their g-

values drastically changed according to sample preparation, the measurement temperature and treatments with
a base or acid. These paramagnetic species are proposed to be O3 in an adsorbed state on a TiOz surface and

O~ of the TiO%.
insoluble azo pigment.

Typical paint films generally comprise various
kinds of resins, hardners, and pigments. It is some-
times observed that remarkable fading in paint films
occurs with special combinations of an organic pig-
ment and an inorganic pigment of titanium dioxide
under exposure to outside weather conditions. One
of these combinations is an insoluble azo pigment and
titanium dioxide; it is still unknown why fading
occurs in this combination film, compared with that
comprising only an insoluble azo pigment or tita-
nium dioxide. Many papers concerning the photo-
chemistry of titanium dioxide exist,!~® and studies’-%
concerning the species of adsorbed oxygen on tita-
nium dioxide by using ESR have been reported.
Bickley et al.10 studied the adsorption and exhaust
process of Qg on titanium dioxide under UV-
irradiation; they showed that both holes and electrons
are first formed on the titanium dioxide; then, O3 is
generated by a reaction of the adsorbed Oz and elec-
trons. The chemistry of chalking on paint films
containing titanium dioxide was outlined by Voélz et
al.!y They detected Tid*, hydroxyl radicals and
peroxides by ESR measurements and showed that UV
light, water and oxygen are essential factors for the
TiOq-catalyzed degradation of the binder. On the
other hand, there have been a few studies!?!3 concern-
ing the degradation of organic pigments. Yao et
al.12 studied the degradation mechanism of an azo
pigment under water.

Generally, the particles of the organic pigment
aggregate with each other and behave as polymers.
Their properties differ according to the degree of
aggregation, even if the chemical structures are the
same. It is therefore very difficult to determine the
degradation process of organic pigments, and more
difficult to investigate the fading mechanism of paint
films comprising a combination of an organic pig-
ment and titanium dioxide. We have studied the
fading mechanism of a combination paint film by
using ESR and found some paramagnetic species, the
concentration of which correlates well with the fading

It is suggested that film fading occurs through an attack of these active oxygens on the

of the paint films. In this paper we give an outline of
the fading mechanism of paint films comprising an
insoluble azo pigment and titanium dioxide, based on
the results of ESR and FT-IR measurements. Finally,
we compare these results with those from an outdoor-
exposure test.

Experimental

Outdoor Exposure Test. A 60% xylene solution of an
oil-free polyester resin was synthesized from isophthalic acid
and other monomers. A butylated melamine resin was
used as a hardner. The solid matter-ratio of the resin to the
hardner (R/H) was 7/3 by weight. For the organic and
inorganic pigments, an insoluble azo pigment (Pigment
Red 170 Scheme 1.) and titanium dioxide JR-602 (Teikoku-
kako Co., Ltd.) were used, respectively.
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Scheme 1.

By using these raw materials two groups of paints for both
outdoor exposure tests and ESR measurements were pre-
pared (Table 1). In the case of paints (P-1 and P-2) the
solid-matter ratio of the pigment to binder (P/B) and that of
the organic pigment to titanium dioxide were 0.6/1.0 and
1.0/1.0 by wt, respectively. These pigments were dispersed
as 10 um particle into the binder using a paint conditioner.
Galvanized-steel panels were coated with paints, P-1 and P-
2, and were cured for 20 min at 150 °C. Painted panels (PT-
1 and PT-2) with a dry-film thickness of 50 um were exposed
for 17 months at Omaezaki, Japan. Their gloss retentions
and color differences were measured in order to evaluate
their fading degree by using a gloss meter (Model TC-108-D,
Tokyo Denshoku Co., Ltd.) and a color-difference meter
(Model SM-1, Suga Weathering Technology Foundation).
The gloss retention was calculated from Gi/Go where Go is
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Table 1. Paint Formulations for Outdoor Exposure Test and ESR Measurement (% wt)
Paint No.
Constituents
P-1 P-2 EP-1 EP-2 EP3 EP4 EP-5 EP6 EP-7

Resin (1)” 51.5 51.5 69.6 69.6 69.6 68.9 68.9 68.9
Resin (2)” 76.8
Hardner (1)° 22.1 22.1 29.8 29.8 29.8 29.5 29.5 29.5
Hardner (2)” 21.6
Organic pigment® 26.4 13.2 0.6 0.3 0.3 0.3 0.12 0.12
Titanium dioxide 13.2 0.6 0.3 0.3 0.3 0.48 0.48
TEA 1.0 1.0 1.0
PTS 1.0

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0  100.0

a) Oil-free polyester, 60% solution. b) Epoxy resin, 40% solution.
d) Urea resin, 60% solution.

resin, 60% solution.

the specular gloss'® of the coated panel before the outdoor
exposure test, and G; is that after the exposure test. The
color difference (AE) consists of three component differ-
ences: the light-index difference (AL) and two chromaticity
differences (Aa and Ab). Here, AE is calculated from?®

AE=[(AL)2+ (Aa)2+ (Ab)2]2,
and
AL=IL1~Lo, Aa=a1—ao, Ab=0b1— bo.

where Lo, ao, and bo refer to the three components of the
coated panel before the outdoor exposure test; L1, a1, and b:
refer to those after the exposure test.

ESR Measurements. For ESR measurements paints EP-1
to EP-7 were prepared (their combinations are also listed in
Table 1). The same binder and paint R/H as those of P-1
and P-2 were used for paints EP-1 to EP-6 and epoxy resin
(Epikote #1007, Yuka Shell Co., Ltd.). For the binder, urea
resin was used for paint EP-7. EP-1 contained only tita-
nium dioxide, and EP-2 only the organic pigment; the
others contained both pigments. The (P/B) of FP-1 to FP-
7 was 1.0/100 by wt. The solid-matter ratios of the organic
pigment to titanium dioxide of EP-3 to EP-5, and those of
EP-6 and EP-7 were 1.0/1.0 and 1.0/4.0 by wt, respectively.
Triethylamine (TEA) was added into EP-4, EP-6, and EP-7,
and p-toluenesulfonic acid (PTS) was added into EP-5 in
order to examine the effects of a base and an acid. These
pigments for paints EP-1 to EP-7 were dispersed into the
binders for 5 h by using a paint conditioner. The outsides
of sample tubes for ESR measuments were coated ‘with
paints EP-1 to FP-7 up to 5 cm from the bottom of tubes.
The coated films were cured for 20 min at 150°C. The dry
films (ES-1 to ES-7) with an averaged thickness of 30 um
were thus obtained on the tubes. The ESR spectrometer
JEOL JM-FE-3X was used. Some of these films were mea-
sured under the exposure of UV light having a main wave-
length of 365 nm at room temperature. Cr3t doped in MgO
was used as an ESR intensity standard, its g-value being
1.9800. For measurements of the FT-IR spectra JEOL JIR-
100 was used. The spectra were obtained with KBr by a
diffused-refraction method.

Results and Discussion

ESR Measurement. The ESR measurements of ES-
1 to ES-3, made from paints EP-1 to EP-3, were carried

¢) Butylated melamine
e) Insoluble azo pigment (P.R. 170).

out without UV-irradiation at room temperature.
From the films of ES-1, (which comprised only tita-
nium dioxide) and ES-2 (which comprised only
organic pigment), no signal was observed, except for
that due to Cr3* in MgO of the standard sample. On
the other hand, from some films of ES-3 comprising
both pigments, either of the broad structureless sig-
nals ((A), (B), or (C) in Fig. 1) was observed with a
probability of 10% of all the films of ES-3. All of the
ES-3 films from which no signals were observed were
analyzed by the ESR after UV-irradiation for 20 min-
utes at room temperature; however, signals (A) to (C)
were not newly observed. To enhance the probabil-

cr®
(1) ST,
ES
(2) Cr
20mr
(3) cr
20mT
Fig. 1. ESR spectra generated from ES-3 with the

organic pigment and TiOg: (1) Signal (A), (2) Sig-
nal (B), (3) Signal (C).
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ity of generating a signal among (A) to (C), the effect
of TEA, PTS and an increase of the titanium dioxide
content to the organic pigment were tested for films
ES-4 to ES-6. Each of them independently showed
some enhanced probability. Especially, in the case of
the films of ES-6, the probability to generate either
one of signals (A) to (C) increased from 10 to 50%.

The probability of generating signal (A) in ES-3
films was very low, and the g-value of signal (A) was
1.942 at room temperature. When a film showing
signal (A) was irradiated for 30 minutes at room
temperature, the g-value was drastically changed with
the irradiation time, while keeping the ESR intensity
constant (Fig. 2). After 30 minutes of irradiation, the
g-value became 2.079 (Fig. 2-(6)); one hour after turn-
ing off the UV-light, however, it returned to 1.942,
while keeping the ESR intensity constant. Signal (A)
was identified as being a paramagnetic species based
on Ti3* with O generated in titanium dioxide, its g-
value ranging from 1.94 to 2.00.16)

Signal (C) was observed in some films of ES-3 to ES-
7. Its ESR intensity was extremely larger than those
of signals (A) and (B). The g-value of signal (C) was
2.175 at room temperature, but the ESR shape and g-
value anisotropy varied with the temperature. The
change in signal (C) observed in ES-4 at temperatures
from 50°C to —140°C is shown in Fig. 3. At 50°C
the signal was very sharp and large, without any
hyperfine structure. The g-value asymmetry was

3t
Cr

'/9:1.942

(1)
(2)

(3)

(4)
(5)

(6)

Fig. 2. Time dependences of UV-irradiation on ESR
spectra of the signal (A): (1) Before irradiation, (2)—
(6) After irradiation during 5 min to 30 min at room
temperature.
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Fig. 3. Temperature dependences of the ESR spectra
of the signal (C) without UV-irradiation on cooling
from 50 °C to —140°C: (1) 50 °C, (2) 0°C, (3) ~50°C,
(4) —75°C, (5) —140°C.

enhanced with lowering temperature: g,=2.390 and
8,=2.249 at —75°C, and g,=2.651 and £,=2.254 at
—140°C (Fig. 3). The g-value of signal (C) at room
temperature did not change upon UV-irradiation. It
is presumed from these results that the most probable
candidate for signal (C) is the paramagnetic species of
O~,1 or TiO% generated in titanium dioxide.

Though the ESR intensity of signal (B) was the
smallest, the probability of observing it for ES-3 to ES-
6 was highest among the three signals. Signals (A)
and (C) generated from ES-3 to ES-6, respectively, had
the same g-values and shapes at room temperature,
respectively. On the contrary, the g-value and shape
of signal (B) were quite variable. Moreover, signal
(B) also appeared from ES-7, the binder of which was
different from that of the other films. The g-value
and shape of signal (B) often changed upon ESR
sample preparation as well as the measurement
temperature and treatments with a base or acid. As
an example, these variations are shown for ES-7 in
Fig. 4. Fig. 4-(1) is the result of the first measurement
of ES-7 and Fig. 4-(2) is that of a second measurement
one hour later. Although the measurement tempera-
ture of (2) was only 2 degrees higher than that of (1),
the g-value as well as the shape of (2) were remarkably
changed. After the measurement of (2), the film was
dipped into ethyl alcohol for 60 seconds; it was then
dried with cool air by a drier. As can be seen in Fig.4-
(3), the ESR intensity after an EtOH treatment
decreased with a delicately different g-value from
those of (1) and (2). Fig. 4-(4) and (5) were obtained as
follows:

After the measurement of (3), the sample film was
dipped into a 10% solution of NaOH for 60 seconds in
the case of Fig. 4-(4) and then a 10% solution of HCI
for the same time in the case of Fig. 4-(5). It was then
washed with pure water and dried with cool air. In
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Fig. 4. ESR spectra of the signal (B) for various
treatments at room temperature: (1) No treatment,
(2) Measurement one hour later after measurement
of (1), (3) Treatment with EtOH, (4) Treatment
with NaOH, (5) Treatment with HCI.

the case of (4), the g-values of the signals shown in
Figs. 4-(1) to (3) diminished and a new signal with a g
of 2.609 and a g1 of 2.079 appeared. When the film
was treated with HCI, as in the case of (5), signals
similar to those shown in (1) to (3) appeared again and
the g-value recovered to 2.317, almost the initial value.
It is very rare to observe such a labile signal depending
on the atmosphere of the sample. Therefore, it is
very difficult to identify the species which produces
signal (B). However, it is most probable to consider
that the species comes from molecular oxygen in the
air, based on the experiments described above. If the
active site of Ti3t on the surface couples with Oz in
air, the superoxide ion O3% is easily produced.i®
Treatment with NaOH increases Ti3*, and O3
increases as the result.’® Thus, O3 appeares more
clearly in Fig. 4-(4) than in Figs. 4-(1) to 4-(3). On
the contrary, the HCI treatment decreases O% accord-
ing tol®

H*+03—HOO-
and
2 HOO - —> H202+ Oa. )

Thus, by taking the experimental procedures des-
cribed above as well as the obtained g-value into
account, it is supposed that signal (B) is produced by
Oz in the adsorbed state on the TiOs surface.
Moreover, any hydrogen peroxide generated from the
reaction described in Eq. 1 changes to the hydroxyl
radical and the hydroxyl ion under Ti3*, as shown in
Eq. 2.11) The hydroxyl radical appears as O~ on ESR
signal in accordance with pH condition of the sample.
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Fig. 6. Temperature dependences of the g-values of
ES-6.
Ti3+ + He02— Ti¢t+OH™ +- OH. (2)

After these treatments, the film was tested again at
various temperature from —75 °C to 75 °C; the g-value
shifted drastically to a small value with increasing
temperature (Fig. 5). The g-value against the meas-
urement temperature, showed the same tendency
obtained from the film of ES-6 having a different
binder system (polyester/butylated melamine, as
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shown in Fig. 6). In Figs. 5 and 6 the g-values were
reversible, showing that the g-values of signal (B)
depend on measurement temperature. These results
support the possibility that signal(B) is O3z in the
adsorbed state on the TiOz surface. The reasons for
this are as follows: There have been many papers
proving the existence of Oz on titanium dioxide,19-23)
The asymmetric g-values of O3z described in these
papers were smaller than those of signal(B) found in
the present work; those of O3 found by M. Meistrich24)
were larger than those of signal (B). Thus, the g-
values of signal (B) is most likely somewhere between
those reported in these papers. Moreover, it has been
explained by P. Kasai?) that the g-value of O3 drasti-
cally changes depending on environment. It is consi-
dered from these papers that the labile O3 is generated
in paint films.

Outdoor Exposure Test and FT-IR Measurements.
—Fading Mechanism of Paint Films. Panel PT-1
comprising only insoluble azo pigment after 17 months
weathering at Omaezaki had a gloss retention value of
40% with a color difference value (AE) of 13; panel PT-
2 of the insoluble azo pigment mixed with titanium
dioxide exhibited only an 18% gloss retention and a
color difference value of 18. These results clearly
show that the degree of degradation of PT-2 of mixed
pigments is larger than that of a single pigment, PT-1.
It is reasonable to consider that there exists a close
correlation between the remarkable fading of panel
PT-2 and the concentration of the paramagnetic spe-
cies found in ES-3 to ES-7. It is assumed that these
paramagnetic species are mainly produced by reac-
tions between the organic pigment and titanium diox-
ide. The reasons for this are as follows:

1) These species were not generated from films
containing only the organic pigment or titanium
dioxide, but from those containing mixed pigments.

2) Because these species are generated in both films
comprising different binders, there may be no rela-
tionships between these species and the binders added
to paint films.

3) Moreover, the possibility of producing these spe-
cies was increased by increasing either the titanium
dioxide content in the films, or by adding TEA or PTS
to the paints.

Though the UV effect is not certain at the begin-
ning of the reaction between titanium dioxide and the
organic pigment in this experiment, it is conceivable
to consider that UV light takes part in the reaction,
and that the addition of TEA or PTS increases the
possibility of an electron-transfer between titanium
dioxide and the organic pigment:

TiOz+ Organic pigment
y Ti3* + Organic pigmentt 3
(TEA or PTS) @)

TiO% + Organic pigments=
g p1g

The Ti®* or TiO% generated from equation (3), fol-
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Fig. 7. Difference spectrum of FT-IR between the
spectrum of the film of ES-7 with ESR signal (B)
and that without ESR signal (B).

lowed by reactions with Oz in films, yields an interme-
diate, Ti8%:--Oy, finally yielding O3 in the adsorbed
state on the TiOz surface (Eq. 4).

Tid*+ + Oy — Tis* - Oy — [Tit+ - O3] (4)

The generated TiO% probably establishes equilibrium
with one form of localized hole, O2-—Ti4t---O~ (Eq. 5).

TiO} «— 02~ — Tit+ - O-, (5)

Thus, ESR signals (A), (B), and (C) described above
probably correspond to Ti3*:--Qg, Titt-O3, and O2-
—Ti4*t-O-, respectively.

The difference spectrum of FT-IR was obtainted by
subtracting the spectrum of the film of ES-7 without
an ESR signal from that showing signal (B) (Fig. 7).
In the case of the film indicating signal (B), the IR
peak which corresponds to an aggregated or polymer-
ized o-quinone appeared at 1741 cm-12627) and the
peak corresponding to a polymeric hydroxyl group
diminished between 3400—3600 cm-!. Such behav-
ior was also recognized in the film of ES-6 comprising
a different binder. It is thus conceivable that the
behavior of the difference spectrum of FT-IR was
caused from a reaction between the organic pigment
and titanium dioxide. J. Griffiths et at.28-30 studied
the photochemical fading of 4-arylazo-1-naphthol dye
in methyl alcohol and reported that the dye was
attacked by 102 and changed to 2, 4-bis(p-tolylazo)-1-
naphtol. In the case of Oz or O-, it is reasonable to
consider that first a hydrogen atom is abstracted from
the hydroxyl group of the organic pigment, and then
O: joins the phenoxyl radical generated from the
pigment; at last, o-quinone is generated.

In the case of paint panels under outdoor exposure,
the O3 in the adsorbed state on the TiOz surface and
O~ originated in TiO% will attack not only the
organic pigment, but also the binder; it is presumed
that the remarkable fading and decreasing gloss reten-
tion occured on PT-2.

In conclusion, the reaction of an insoluble azo
pigment with titanium dioxide occurs through the
electron-transfer reaction; the most important factor
concerning fading is thought to be the active oxygens
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of Oz in the adsorbed state on a TiOg surface and O~
originating in TiO%, and produced by the mechanism
described above.
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