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Appendix

Wide Range pH Fiber Urinary Sensor with Congo-Red- and
Methyl-Red-Doped Poly (Methyl Methacrylate) Cladding

Chikara EGAMI, Tadashi TAKEMAFE

Department of Electrical and Electronic Engineering, Shizuoka University,
3-5-1 Johoku, Hamamatsu 432, Shizuoka, Japan

We introduce an evanescent-wave-spectroscopic fiber optic pH sensor. This
sensor has part of the polymer cladding doped with either congo red (CR),
which responds to pH = 3 to 5, or methyl red (MR), which responds to pH=5 to
7, as the pH sensor film. In this study we succeeded in expanding the
measurable pH range by using two pH sensor probes with the different pH
sensitivities. In addition making the pH fiber sensor into a probe structure
enabled us to achieve high pH sensitivity and to monitor the pH value easily.
Reducing the quantity of doped dye made it possible to use the sensor for
objects highly sensitive to pH chemical equilibrium.

KEYWORDS: pH sensor, fiber sensor, | organic dye, evanescent wave

spectroscopy

1. Introduction

The use of a fiber optic chemical sensor is an effective method of objects such
as biomedical tissue and explosive gas, for which the electrical measurement
of chemical compositions is difficult. Also, the sensor has the ability to
combine the information transrission path with the sensor part. Due to the
reason previously discussed, many fiber optic sensors have been studied for
tens of years.}'” Recently, attention has been given to the chemical sensors
using evanescent-wave penetration into the cladding 813, There have been
novel sensors developed through new techniques such as the use of nonlinear
optical effects by evanescent-wave excitation using high power lasers and
evanescent-wave épectroscopy using an infrared light source.

We present an evanescent-wave-spectroscopic fiber optic pH sensor which has
part of polymer cladding doped with azo benzene derivative for the pH
sensing. The pH sensor discussed in this paper has been developed from the
previously invented fiber optic sensor!¥ with a pH indicator dye. Since the
indicator dye was sensitive only to pH=5 to 7, the pH sensor could not be used
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. over a wide pH range. In this study, we succeeded in expanding the
measurable pH range by using two fiber optic sensors with the different pH
sensitivities. In addition, the pH sensor part into a probe structure enabled
us to achieve high pH sensitivity and to easily monitor the pH value. The
resulting reduction of the quantity of the indicator dye made it possible to use
the sensor for objects having a high sensitivity to pH chemical equilibrium.

2. Principle of pH Measurement and Sensor Preparation

An absorber can be carried by a solvent into the polymer where it can
interact with the evanescent field. Observing the wavelength shift of an
absorption peak of an indicator dye doped in the polymer cladding by
evanescent wave spectroscopy enables us to measure the pH. In this study we
aimed at increasing the measurable pH range by using two fiber sensors with
different pH sensitivities. We bundled two optical fibers with different sensor
films for use as a pH fiber sensor probe. When the pH sensor probe is inserted
into the objective solution, hydrogen ions penetrate the sensor-film-coated
cladding on the core and interacts with indicator dyes semifixed in the
polymer film. A chemical interaction between the dye and hydrogen ions in a
solution is accompanieéd by a dipole change of the dye, resulting in a
wavelength shift of the absorption spectrum. The wavelength shift is
measured by the evanescent wave spectroscopy. Because only a small
amount of the pH indicator dye is doped in the sensor, the pH chemical
equilibrium of the solution is not affected, which means that the sensor can
be used for objects such as biomedical tissue for which electrical
measurement is difficult. Additionally, there is no risk of the indicator dye
melting into the pH solution because the indicator dye is semifixed by the
surrounding polymer molecule.

In view of the conditions of the indicator dye and penetration depth, the pH
sensor probe was prepared using the following method. A polymer-clad silica
(pes) multimode optical fiber with the core diameter of 1000 um, the cladding
diameter of 1200 um, respective refractive indices of the core and cladding of
1.50 and 1.33 at 656 nm and transmission loss of 1.5 dB/km at 550 nm was
used for ease of chemical treatment when making the pH sensor cladding and
of the introduction of a white light from a halogen lamp.

Congo red (CR), responding to pH = 3 to 5, and methyl red (MR),
responding to pH= 5 to 7, were doped in the polymer cladding as the
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indicator dyes for pH measurement. The azo dye having the -N=N- bond is
known for changes in resonant frequency depending on the logarithm of the
hydrogen ion concentration surrounding the molecule. Poly (methyl
methacrylate) (PMMA) was used for semifixing either CR or MR as a polymer
matrix. We selected a pcs optical fiber with a high-refractive-index silica core
and fluoro-acrylate cladding so that the refractive index of the dye- doped
sensor-film part of the cladding was less than that of the core near the
absorption peak wavelength of the indicator dye. Therefore, the pH sensor
probe, satisfies the internal total reflection condition of refractive index
dispersion. The theoretical prediction provided the thickness of the dye-doped
cladding which was coated as the pH sensor film. The penetration depth for
two polarization states are expressed by

2(n, /n])cose[Zsin 0—(n, /nl)z]

dei[(e, A') = X Xeff(ea 7\') 4
1—(n,/n)*|sin’® — (n,/n,)*cos? e]
_ 2(ny/ny)cosb
dul®,1) = TS X0 (8,0,
A
Xer (8, A) =
ot 4117\/nfsin2 0 —n;3

where n1 and ns are the refractive indices of the core and the MO- and
MR-doped-PMMA film, respectively. When unpolarized light from a halogen
lamp is used as a light source, the effective penetration depth of evanescent
waves is approximated as
4,08, ) =(1 1 2)(dy(6, 1) + d (6, 1)..

Under our experimental conditions the effective penetration depth of
evanescent waves is estimated to be 10 to 30 um for the absorption
wavelength of MR and MO ranging from 400 nm to 750 nm. In view of this
estimation, we prepared the pH sensor film of about 2 um so that the
thickness of the sensor film was far below that of the effective penetration
depth of evanescent waves. Also a very small quantity of MR and MO
molecules was doped to the pH sensor film. Dye concentration of the film was
0.15 wt%. A very low dye concentration of 0.15 wt% was required to reduce
the influence of the indicator dye on pH chemical equilibrium in the objective
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solution, to satisfy the internal total reflection condition over a wide
wavelength range and to facilitate monitoring of absorption peaks of the
indicator dye. ‘

We coated the pH sensor film as part of the claddmg doped with pH indicator
dyes by using the casting and drylng method. We chemlcally removed part of
the fluoro-acrylate cladding near the end of the pcs optical fiber by using
99 % chloroform. The composition of the CR or MR solution for sensor film
preparation was CRIPMMAIdioxane1methanol=0.6 mg:400 mg:100 cm3:4
cm3 or MR'PMMA:dioxane=0.6 mg:400 mg:100 cm3, respectively. We have
retained the transparency of the dye-doped PMMA film. The sensor probe,
coated with the dye film, was annealed at 80 °C for 30 min to remove the
intrinsic birefringence which causes the power loss of the transmitted light
signal due to the dispersion of the evanescent wave and to increase the
density of the PMMA matrix to prevent the melting of the dye into the

objective solution.

l
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Fig. 1. Experimental setup for evanescent-wave-spectroscopic
fiber optic pH sensor.

3. Experimental Setup

The evanescent-wave pH sensor was operated in the beam arrangement
shown in Fig. 1. A continuous length of the pH sensor probe comprised the
fiber input, pH‘ sensor, reflector, fiber output, and monochromator. A beam
of light from a halogen lamp was introduced to two input sites of the pcs
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optical fibers through the optical system. The ends of the optical fibers with
the vacuum-evaporated aluminum film reflected the traveling beam. Two
beams of light emerging from the input sites were passed through the
half-mirrors and were focused on the monochromators. The separation of
output light into its spectral components through a monochromator enables
us to measure the wavelength shift of the indicator dye depending on the pH
value. We measured the respective output light from two pH fiber sensors
with the different pH sensitivity ranges. Making the sensor into a probe by
vacuum-evaporating the aluminum film resulted in the flexibility for
measuring pH and high sensitivity by virtue of double-passing the sensor.
The probe structure resulted in a reduction of the amount of indicator dye
in the sensor film. We measured the wavelength dispersion of the optical loss
for the entire optical system consisting of the input and output optical lenses,
the optical fiber with non-dye-doped cladding, the half-mirror, and the
monochromator in advance. Normalizing the transmitted energy spectrum
with this previously measured dispersion, we can obtain the absorption
spectrum of indicator dyes which provides pH information. Moreover, to focus
on just the peak wavelength of the spectrum we differentiated the spectrum

curve.
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Fig. 2. Fiber sensor pH response for (a) CR- and (b) MR-doped fibers,

respectively.
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4. pH Measurement

The absorbance spectrum of CR- and MR-doped PMMA film was measured
by the evanescent-wave. The respective evanescent-wave spectra from two
fiber sensor probes with different pH indicator dyes were observed before the
sensor bundle was inserted to a pH solution. Namely, these spectra indicate
the MO- and MR-doped PMMA film coated on the naked core to be the sensor
film. The transmission spectrum was observed for the dye-doped film cast on
the glass plate. It was found that the profile for the evanescent-wave
spectrum coincides with that for the transmission spectrum. This result
verified that the basic behavior of the evanescent-wave spectroscopy and the
peak wavelength detection were highly accurate. In the evanescent-wave
method we do not have to take the absolute value of the absorbance into
account because we measured the wavelength shift of the fiber absorbance.
Figure 2 shows the pH responses of the (a) CR indicator and (b) MR indicator
against the peak wavelength. We used a pH buffer solution ranging from pH
= 3 to 7. The buffer solution was calibrated in advance using an electric
sensor. The output signal from the CR fiber sensor probe was used for a
solution with pH = 3 to 5 and that from the MR fiber sensor probe was used
for a solution with pH = 5 to 7. If the objective pH value exceeded the
response range for the respective indicator dyes, the sharp absorbance
spectrum peak cannot be observed. The peak wavelength shift was found to
linearly depend on the pH value for the CR and MR sensor probes. The pH
decrease of 1.0 for the pH solution was measured as a peak wavelength shift
of 40 nm. A small change in the pH value can be sensed as a large
wavelength shift in the absorbance spectrum.

We also attempted to monitor consecutive pH values for an acid-water
solution when we continuously changed the pH value ranging from 7 to 3 by
adding a small portion of acid. Also, there was no melting of the indicator dye
into the pH solution due to the previous annealing treatment. Consecutive
measurements, which cannot be done using the electric sensor or pH test
paper, have been demonstrated using our evanescent-wave-spectroscopic
fiber optic pH sensor.
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5. Summary

We have developed an evanescent-wave spectroscopic fiber optic pH sensor.
In this study we were successful in expanding the measurable pH range by
using a fiber bundle of two pH sensor probes with the different pH
sensitivities, and in increasing the sensitivity of the pH measurement by
making the sensor into a probe structure. The resulting reduction of the
quantity of the indicator dye made it possible to use the sensor for objects
having a high sensijcivity to pH chemical equilibrium, such as biomedical
tissue. Moreover, since there was no melting of the indicator dye into the
objective solution, consecutive monitoring of the pH value from pH=7 to 3
was possible. In order to expand the pH range of this sensor, phenolphthalein,

which responds to pH = 8 to 10, could be used as an additional indicator dye.
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