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The redox characteristic of methylene blue in polyacrylate film has been investigated for applications in
monitoring time and temperature. This monitoring capability is based on a color change from colorless
to blue under exposure to air. The oxidation process is controlled by the air diffusion which is affected by
the chemical structure of the polyacrylate. The activation energy of diffusion, which was calculated by
Arrhenius equation, goes up with increasing the rigid structure of the polyacrylate. The results correlate

well with the glass transition temperature of different polyacrylates. The unique feature of the methy-
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lene blue to change color under oxidation, can be used for the fabrication of low cost visual sensors for
monitoring time and temperature.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Visual time monitoring that is based on color transition has
found many applications in different fields of science and technol-
ogy. There are a number of time-temperature integrators used in
food and pharmaceutical industry which help to determine safe
storage period and freshness of the products [1-6]. Time indicating
devices are also widely used in manufacturing passes and permits
[7,8]. Many time indicators are based on dye diffusion[6,9-11] oron
reaction of a reduced dye with oxygen [5,7,12,13]. Methylene blue
(MB) is one of the most common redox dyes. The easy reduction
of MB to leuco methylene blue (LMB) and its re-oxidation (Fig. 1)
have extensive use throughout industry. For example, the commer-
cial colorimetric oxygen indicator is based on this reaction [14-20].
The working principle of the oxygen indicator is based on the fast
oxidation of colorless LMB in the presence of oxygen to blue MB. The
reduction of MB can occur as a result of an electrochromic reaction
using various reducing agents. One system, The Ageless Eye® oxy-
gen indicator [19,20] (Mitsubishi Gas Company) uses MB, glucose
and alkali for the reaction. Upon anaerobic condition MB is reduced
by glucose to leuco form, which can be readily re-oxidized by O,
with color change. The reduction of MB can also occur as a result of
electron and proton transfer from a sacrificial electron donor (SED)
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under ultraviolet (UV) irradiation (photochromism) [21,22]. Mills
and coworkers [23] reported a novel UV-activated oxygen indicator
based on nanoparticles of titania for electron transfer and reduction
of MB by triethanolamine using UV light (315-380 nm). This oxygen
indicator is successfully used in food and pharmaceutical packag-
ing. Finally, the redox reaction of MB has found wide applications
in optical storage media with limited access [24]. In this technol-
ogy CD and DVD disks with optical transparent LMB coating are
produced. The transparent coating allows access to the data when
LMB reacts with oxygen and turns into colored MB, now limiting
data access. The reversible reaction of reduction and re-oxidation
of MB is also widely used in datarecording industry and holography
[25,26].

The opportunity of this and other similar dyes in the appli-
cations of sensors and data storage is very promising. Polymers
are ideal carriers for presenting the dye molecule in a convenient
and useful form. Therefore, the more comprehensive knowledge
about the mechanism and kinetics of the above mentioned reac-
tions in polymer media can open new ways of their usages. In
most cases, attention has been paid to investigate the reduction
kinetics of MB to leuco dye [21,27,28]. The oxidation of LMB blue
is very fast under sufficient amounts of oxygen. However, if LMB
is situated in polymer media, the oxidation speed will be slowed
down in air due to a diffusion process. Therefore, the investigation
of diffusion-kinetics of LMB oxidation is important for future devel-
opment and inventions. In particular, oxidation within an extended
period can be used for “time monitoring”. The principle of oxida-
tive color transition can be exploited for the development of visual
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Fig. 1. Reduction and re-oxidation of MB.

time-temperature integrators and other apparatuses connected to
time duration and changes of oxygen concentration. Therefore,
the oxidation of MB in different polyacrylates that is accompa-
nied by color transition can be used for monitoring of time and
temperature.

2. Experimental
2.1. Materials

The methylene blue (MB) used in this work was obtained
from Acros Organics (Belgium), photoinitiator: 2,2-dimethoxy-
2-phenyl acetophenone - benzil dimethyl ketal (DBK) - from
Ciba Specialty Chemicals (Switzerland). 2-Hydroxyethyl methacry-
late (HEMA) was obtained from Sigma-Aldrich. Ethoxylated
(15) trimethylolpropane triaccrylate (EO(15)TMPTA), tetraethy-
lene glycol diacrylate (TEGDA), propoxylated (2) neopentyl glycol
diacrylate (PO(2)NPGDA), ethoxylated (3) bisphenol A diacrylate
(EO(3)BPADA), tricyclodecane dimethanol diacrylate (TCDDA), tris
(2-hydroxy ethyl) isocyanurate triacrylate (THEICTA), polyethylene
glycol (400) diacrylate (PEGDA), ethoxylated (9) trimethylol-
propane triacrylate (EO(9)TPTA), highly propoxylated (5.5) glyceryl
triacrylate (HPO(5.5)GTA) were obtained from Sartomer Co.
(USA). The chemical structures of used acrylates are shown
in Table 1. All chemicals were used as received without any
purification.

2.2. Preparation of leuco methylene blue based polymer films

The compositions for LMB contained polymer films consists of
1 g of 1% solution of MB in HEMA, 2 g of HEMA, 3 g of other acrylate
monomer (depending on composition) and 0.24 g of BDK.

The mixture of MB, acrylates and photoinitiator was stirred for
about 10 min to obtain a blue solution. Then a 100 wm blue thin film
was placed on the glass substrate using a draw down rod. The sam-
ples were UV irradiated for about 5 min in a nitrogen atmosphere.
During that time two concurrent reactions take place: acrylate
polymerization and photobleaching of methylene blue. After that,
thin (around 100 pum) colorless acrylate film was obtained. All
UV radiations were conducted using UV light, provided by 4-
watts UVGL-25 Mineralight® lamp (UVP, Inc., San Gabriel, CA),
A=365nm.

2.3. Measurements

The rate of oxidation of LMB to MB was followed by the change
of absorbance measured by a Perkin Elmer Lambda 35 UV/VIS Spec-
trometer. Scans of the UV/VIS spectrum of the thin polymer films
were taken over the range of 300-800 nm. The oxidation was car-
ried out at 277, 298, 308 and 318K under an air atmosphere in
darkness.

Glass transition temperature was determined by differential
scanning calorimeter (Diamond DSC, PerkinElmer). The samples
were scanned by a ramping rate of 10°C/min from 50 to 100°C
or 150 °C and the furnace was heated and purged by N, with a flux
of 20 ml/min.

3. Results and discussion

The MB containing polyacrylate films were prepared by UV poly-
merization of a mixture of acrylates monomers and benzil dimethyl
ketal (BDK) photoinitiator. The photoinitiator under UV irradiation
(Amax =365 nm) is able to undergo a photocleavage reaction with
the generation of free radicals [29] (Fig. 2), which initiate poly-
merization of acrylates. At the same time, the radical formed from
benzil dimethyl ketal is able to reduce MB. The detailed reaction
mechanism of photoreduction of MB has been published recently
[30]. The main reaction involves an interaction of MB with active
electrophilic methyl radical which was generated from the photo-
cleavage of BDK (Eq. (1)).

MB + Cl~ +°CH; — MB* + CH5Cl 1)

As a result of this interaction, the semi-reduced MB radicals are
generated. Further reduction of semi-reduced methylene blue rad-
ical leads to the formation of leuco dye. Thus, the UV irradiation of
MB/acrylate solution containing photoinitiator BDK leads to two
parallel processes: polymerization of acrylates and reduction of
MB. This is how the colorless polyacrylate films containing LMB
are obtained. Upon contact with oxygen, leuco dye readily oxidizes
to MB that entails color transition from colorless to blue. The oxi-
dation of LMB (Eq. (2)) occurs in solid media which is preceded by
the diffusion of air. If the rate of reaction is limited by the diffusion,
the diffusion-kinetic will regulate the rate of reaction.

2LMB + O, — 2MB + 2H,0 (2)

According to Fick’s Second Law, the concentration change within
the diffusion volume with respect to time is shown in Eq. (3).

dC _ D¥C
ot ox2
where C is the oxygen concentration [molm~3], t is time [s], D is
diffusion coefficient [m2s~1], x is the distance [m]. The diffusion
coefficient does not depend on the oxygen concentration, so the
average value of distance squared X2 of diffusion with time (t) is
determined by Eq. (4):

(3)

X% =2Dt (4)

If the thickness of diffusion layer and the diffusion time are known,
then the coefficient of diffusion can be determined:

2
p=X

T (5)
Diffusionin the samples runs deep into the film along the distance X.
Thin films have been obtained on glass substrate, so the air diffusion
occurs from one side of the film; therefore distance X is equal to film
thickness. For the films without substrate, air will diffuse from two
sides of the film. That is why X in such samples is equal to 1/2 of
the film thickness.

The time of diffusion is defined from spectrophotometric mea-
surements. As soon as oxygen penetrates into polymer matrix, it
reacts with LMB and colored dye (MB) appears, according to Eq.
(2). The presence of MB is determined by absorption spectra. The
typical result of spectrophotometric measurements is illustrated in
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Fig. 3. MB has an absorption maximum at 665 nm. The changes of
light absorption at this wavelength give information about the rate
of reaction, in particular the time of reaction. When the absorbance
of MB stops increasing, this indicates that all of the LMB has been
reacted with oxygen. In other words, the diffusive oxygen has
reached the most remote point of the polymer matrix. This time
course will then equal the diffusion time.

The air diffusion rate of the film has been studied at 277, 298,
308 and 318 K. The kinetic curves of oxygen diffusion into different
polyacrylate thin films (HEMA/EO(15)TMPTA, HEMA/EO(3)BPADA
and HEMA/TCDDA) are shown in Fig. 4. The thickness of poly-
acrylate films was 10~4m. The diffusion coefficients at different
temperatures for different polyacrylates, calculated according to
Eq. (5), are given in Table 2.
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Fig. 2. Photocleavage reaction of benzil dimethyl ketal.

1 [31]. The polymers with high crosslinking density and rigid struc-
ture exhibit high glass transition temperature. Therefore, diffusion
coefficient of polymer is dependent on its glass transition temper-
ature. To prove this, the following experiments have been carried
out.

The rate of oxidation of LMB in ten different polyacrylate
matrixes at 25 °C was measured. The polymer binder for LMB was a
mixture of two acrylates: 50% of HEMA and 50% of an acrylate listed
in Table 1. The diffusion properties of the polyacrylates depend
on the chemical structure of monomer and its Tg, functionality
and molecular weight per one active functional group. All of these
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Diffusion coefficient of air into LMB containing polyacrylate thin films at different < 0.24 —a—25C
temperatures. : —a—35C
0.1
T(K) Diffusion coefficient (m? s—1) " —»—40C
HEMA/EO(15)TMPTA HEMA/EO(3)BPADA HEMA/TCDDA 0 2 4 6 8 10 12
277 1391012 1.39 x 10-13 413x10°15 Time (hours)
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308 278 x10°13 278 x10°13 9.65 x 1014 074 ¥ ¥
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2 05
The temperature dependence of the diffusion coefficient was ]
defined by Arrhenius’s equation: 5 0.4 =ik
E, E g 0.3 —a—25C
D= DOGXD< ) or InD=--2 4+1In D, (6) < ol —+—35C
RT RT : 400
where E;—the activation energy of the diffusion, Dy—frequency 0.1
factor, In Dp—an integration constant. Arrhenius plots (In D against 0 y ; : d
0 & plots (InD ag 0 20 40 60 80 100

1/T) for different polyacrylate compositions as shown in Fig. 5. The Time (hours)
activation energies E; of oxygen diffusion in each polymer binder,
Do and correlation coefficients of calculation are summarized in
Table 3.

The differences in the activation energy for three polyacrylate
film are possible due to the difference in the crosslinking density
and rigidity of the polyacrylates. The high crosslinking rigid films
have lower diffusion rate than that of low crosslinking flexible films

(c)0.8

Absorbance

Table 3
Activation energy, integration constant and correlation coefficient of oxidation of
leuco methylene blue in polyacrylate media.

Polyacrylate E. (k] mol-1) Do (m?s1) 2 0 5 10 15

HEMA/EO(15)TMPTA 17.43529 2.66x 10-10 0.9851 Time (days)
HEMA/EO(3)BPADA 19.75656 7.88 x 10-11 0.9901
HEMA/TCDDA 20.17974 259 x 10-11 0.9938

Fig. 4. Kinetic curves of LMB oxidation in different polyacrylate matrixes: (a)
HEMA/EO(15)TMPTA, (b) HEMA/EO(3)BPADA, (c) HEMA/TCDDA.




Fig. 5. Arrhenius plot for LMB oxidation in different acrylate compositions: (a)
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Table 4

Glass transition temperature of the polyacrylate samples.
Sample Tg (°C)
HEMA:EO(15)TMPTA 9.8
HEMA:PEGDA -5.5
HEMA:EO(9)TPTA 10.4
HEMA:HPO(5.5)GTA 48.2
HEMA:TEGDA 17.2
HEMA:PO(2)NPGDA 46.4
HEMA:EO(3)BPADA 44.5
HEMA:TCDDA 96.1
HEMA:THEICTA 1123

parameters are also summarized in Table 1. The glass transition
temperatures of the polyacrylate sample are given in Table 4. As
was expected, the rate of LMB oxidation in different polyacrylate
matrixes is entirely dependent on the glass transition temperature
of polymer. The relationship between the time of LMB oxidized in
the polymer film (10~4 min thickness) and the glass transition tem-
perature of the polyacrylates is given in Fig. 6. A linear relationship
is obtained with a correlation coefficient of r2 =0.9387

The air diffusion coefficient of each polyacrylate at 25°C was
calculated by Eq. (5) using its measured diffusion time. Then, the
relationship between the glass transition temperature of each poly-
acrylate and its air diffusion coefficient was plotted (Fig. 7). The
correlation presents a bend at 25 °C which is the temperature of the
test. In other words, the air diffusion coefficient of each polyacrylate
at measured temperature correlates well with its glass transition
temperature. If the glass transition temperature of polyacrylate
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Fig. 6. Time of color transition in polyacrylate thin films (100 wm) versus their glass
transition temperature.
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Fig. 7. The relationship between glass transition temperature of polyacrylates and
their diffusion coefficient at 25°C.

is lower than environmental temperature, its diffusion coefficient
will be very high with low activation energy of diffusion. When the
temperature of the environment is higher than that of the glass
transition of polyacrylate, its air diffusion rate will be very fast.

The time-temperature relationship of LMB oxidation in poly-
acrylate thin films (HEMA/EO(15)TMPTA, HEMA/EO(3)BPADA and
HEMA/TCDDA) is given in Fig. 8. Thus, the complete oxidation
of LMB in HEMA/EO(15)TMPTA (Tg =—32°C) film with the thick-
ness 10~4m is limited to a few hours. At the same time, the
complete oxidation in polyacrylates with higher Tg can last few
days. The color of the films during the oxidation changes gradually
(Fig. 9). This feature can be exploited in many future applications
mentioned previously (data recording industry, time sensors and
time-temperature integrators).

MB is light sensitive. In case of air exposure of the film con-
taining LMB, the rate of color change is different in the dark or
light conditions, because the oxidization and photobleaching occur
simultaneously in the light. Fig. 10 shows that the amount of MB
formed decreases with increasing light intensity. This result limits
the utility of time and temperature sensors based on the tech-
nology of color change of photoreduced MB in polymer in lighted
situations. However, the problem can be solved by using a control
standard in parallel with the sensor made from the film containing
photoreduced MB. The control standard is made of the sensor with
completely oxidized blue film. When a fresh sensor is placed next
to the control standard in the light, both films are exposed to the

35
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0 - . - ——————————
-18 2 2 42 62 82
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Fig. 8. Time-temperature relationship of LMB oxidation in polyacrylate thin films
(100 pm): (a) HEMA/EO(15)TMPTA, (b) HEMA/EO(3)BPADA, (c) HEMA/TCDDA.
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Fig. 10. Kinetic curves of LMB oxidation in HEMA/TCDDA polyacrylate matrix at
different light levels, illuminated by fluorescent lamp.
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Fig. 11. Kinetic curve of LMB oxidation in HEMA/TCDDA polyacrylate sample in dark
or in 400 lux illuminance as compared with the standard.

air simultaneously and the degree of photobleaching will be the
same for both films. Thus, we can still observe the extent of color
changing with respect to the time in the light. Fig. 11 shows the
same duration of the time can be obtained either in dark or light
condition when the control standard was used together with the
sensor.

4. Conclusion

The LMB based polyacrylate films are very promising materi-
als for application as sensors and for data storage. The polymer
matrix has a tendency to slow the oxidation rate in air with a grad-
ual color transition. The rate of oxidation of LMB in polyacrylate
can be described by diffusion-kinetics. The diffusion coefficients
and activation energy of diffusion have been calculated for differ-
ent polyacrylate matrixes. The time-temperature relationship of
LMB oxidation in polyacrylate matrixes has been determined for
the manufacture of time-temperature integrators, oxygen sensors
and etc. The diffusion coefficient of air into polymer matrix cor-
relates well with the glass transition temperature of the polymer

at specific measuring temperature. The time of LMB to reach full
oxidation is a linear relationship that depends on the glass tran-
sition temperature of polyacrylate. This result is very useful for
the selection of appropriate polyacrylate matrix for the required
time of color transition. The principle of gradual color transition
can be used in the manufacture of time-temperature integrators,
and other apparatus related to the elapsed time.

Acknowledgements

The partial financial support from the National Science Coun-
cil of Taiwan (NSC-96-2628-E-002-017-MY3) is highly appreciated.
Thanks are also due to Mr. An-Jey Su of University of Pittsburgh for
editing the manuscript.

References

[1] Y.C. Hsu, Al Sair, A.M. Booren, D.M. Smith, Triose phosphate isomerase as
an endogenous time-temperature integrator to verify adeguacy of roast beef
processing, J. Food Sci. 65 (2000) 236-240.

[2] T.F. Mendoza, B.A. Welt, S. Otwell, A.A. Teixeira, H. Kristonsson, M.O. Balaban,
Kinetic parameter estimation of time-temperature integrators intended for use
with packaged fresh seafood, J. Food Sci. 69 (3) (2004) FMS90-FMS96.

[3] M. Ocio, P.S. Fernandez, M. Rodrigo, P. Periago, A. Martinez, A time tem-
perature integrator for particulated food: thermal process evaluation, Z.
Lebensm.Unters. Forsch. A 205 (1997) 325-328.

[4] F. Rodrigo, M.C. Rodrigo, A. Martinez, Evaluation of a new time temperature
integrator in pilot plant conditions, Z. Lebensm. Unters. Forsch. A 206 (1998)
184-188.

[5] KH. Hu, J.D. Loconti, Temperature-time integrating indicator, US Patent
3,768,976 (1973).

[6] R.P. Arens, R.D. Birkholz, D.L. Johnson, T.P. Labuza, C.L. Larson, D.J. Yarusso,
Time-temperature integrating indicator device, US Patent 5,667,303 (1997).

[7] R.M. Gohil, Apparatus for indicating the passage of time and method therefore
and articles therewith, US Patent 0,110,835 (2006).

[8] DJ. Haas, RJ. Holt, L.H. Davis, Long term rapid color changing time indicator,
US Patent 7,139,226 B2 (2006).

[9] D.J. Haas, Time indicator enhancement method, US Patent 4,903,254 (1990).

[10] D.J. Haas, S.F. Haas, Long term rapid color changing time indicator, US Patent
5,633,835 (1997).

[11] Manske, Wendell ]., Selected time interval indicating device, US Patent
3,954,011 (1976).

[12] G. Lewis, Elapsed time indicator WO 02/46741 A1, 2002.

[13] D. Jackson, Time indicator, US Patent 3,480,402 (1969).

[14] M. Sumitani, H. Inoue, K. Sugito, Oxygen detecting composition, US Patent
6,703,245 B2 (2004).

[15] Y. Inoue, H. Hatakeyama, 1. Yoshino, Oxygen indicator, US Patent 5,358,876
(1994).

[16] M. Sumitani, S. Takagi, Y. Tanamura, H. Inoue, Oxygen indicator composed of an
organic/inorganic hybrid compound of methylene blue, reductant, surfactant
and saponite, Anal. Sci. 20 (2004) 1153-1157.

[17] D. Perlman, H. Linschitz, Oxygen indicator for packaging, US Patent 4,526,752
(1985).

[18] K.C. Krumhar, M. Karel, Visual indicator System, US Patent 50,96813 (1992).

[19] Y. Yoshikawa, T. Nawata, M. Goto, Y. Kondo, Oxygen indicator adapted
for printing or coating and oxygen-indicating device, US Patent 4,349,
509 (1982).

[20] Y. Yoshikawa, T. Nawata, M. Goto, Y. Fujii, Oxygen indicator, US Patent
4,169,811 (1979).

[21] A. Mills, ]J. Wang, Photobleaching of methylene blue sensitised by TiO2: an
ambiguous system? J. Photochem. Photobiol. A: Chem. 127 (1999) 123-134.

[22] N. Tacconi, J. Carmona, K. Rajieshwar, Reversibility of photoelectrochromism
at the TiO,/methylene blue interface, ]J. Electrochem. Soc. 144 (7) (1997)
2486-2490.

[23] S.K. Lee, M. Sheridan, A. Mills, Novel UV-activated colorimetric oxygen indica-
tor, Chem. Mater. 17 (2005) 2744-2751.



Y. Galagan et al. / Sensors and Actuators B 144 (2010) 49-55 55

[24] E.M. Breitung, E.M.S. van Hamersveld, D.R. Olson, M.B. Wisnudel, Limited play
data storage media and method for limiting access to data thereon, US Patent
6,733,950 B2 (2004).

[25] M. Ushamani, K. Sreekumar, C.S. Kartha, R. Joseph, Complex methylene-blue-
sensitized polyvinyl chloride: a polymer matrix for hologram recording, Appl.
Opt. 41 (10) (2002) 1984-1988.

[26] M. Ushamani, K. Sreekumar, C.S. Kartha, R. Joseph, Fabrication and
characterization of methylene-blue-doped polyvinyl alcohol-polyacrylic
acid blend for holographic recording, Appl. Opt. 43 (18) (2004) 3697-
3703.

[27] N. Capolla, R.A. Lessard, Real time bleaching of methylene blue or thionine
sensitized gelatin, Appl. Opt. 30 (10) (1991) 1196-1200.

[28] L.A. Salem, M.S. El-Maazawi, Kinetics and mechanism of color removal of
methylene blue with hydrogen peroxide catalyzed by some supported alumina
surfaces, Chemosphere 41 (8) (2000) 1173-1180.

[29] S.P. Pappas, UV Curing: Science and Technology, Technology Marketing Corp.,
1985.

[30] Y. Galagan, W.-F. Su, Reversible photoreduction of methylene blue in acrylate
media containing benzil dimethyl Ketal, ]. Photochem. Photobiol. A: Chem. 195
(2-3)(2008) 378-383.

[31] M.P. Stevens, Polymer Chemistry, 3rd Ed., Oxford University Press, 1999.

Biographies

Yulia Galagan received her BSc, MSc and PhD in chemistry in 1996, 1998 and 2002,
respectively, from Kiev National University, Ukraine. She is currently a researcher
in Holst Centre/TNO, The Netherlands organization for applied scientific research.
She is involved in research program on large are printing for flexible electronics. Her
previous work in National Taiwan University (2005-2008) was focused on creation
colorimetric sensors for time monitoring.

Sheng-Hao Hsu was born and educated in Taiwan. He obtained his master’s degree
in material science and engineering in 2005 from National Taiwan University and
then he worked in 3M Taiwan. Now, he is a PhD student under the supervision
of Prof. Wei-Fang Su in National Taiwan University, Institute of Polymer Science
and Engineering and works on preparation, compounding and characterization of
organic/inorganic hybrids for encapsulation of optoelectronic devices.

Wei-Fang Su received her PhD from the University of Massachusetts, USA in 1978.
She is currently a professor of Department of Materials Science and Engineering of
National Taiwan University. Her research interests are molecular design, synthesis,
characterization, processing of novel polymeric materials for applications in sensors
and devices.



	Monitoring time and temperature by methylene blue containing polyacrylate film
	Introduction
	Experimental
	Materials
	Preparation of leuco methylene blue based polymer films
	Measurements

	Results and discussion
	Conclusion
	Acknowledgements
	References


