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Abstract

Long lasting and fast response optical sensor for the detection of pH in the range of 6-12 is described. The sensor is
fabricated by spin coating silica sol in the presence of phenol red (PR). The sol is in turn obtained by acidic hydrolysis of
tetraethoxysilane (TEOS) and phenyltriethoxysilane (Ph-TriEQS). The performance of the sensor depends on the ratio of
Ph-TriOES to TEOS. At the optimal composition, the sensor has a response time of less than 20 s, the response is completely
reversible and its life-time is over 12 months.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction sensor applications. Films can be aged prior to coat-
ing. During this aging or pre-polymerization stage, hy-
The sol-gel method is a low temperature process drolysis and condensation continues and this results
used to synthesize optically transparent, amorphousin an increase in viscosity prior to coating. Sol-gel
bulk glasses and thin films either by spin coating or dip glass is well suited as support matrix in that it pro-
coating techniques using organic precurddrg]. It vides a chemically and physically stable environment
involves a metal alkoxide, water and a solvent, which with excellent optical clarity, and may be cast as thin
are mixed thoroughly to achieve homogeneity on a films. The potential use of these materials as indicator
molecular scale. To make silica glass by this method, phases in optical sensing devices has generated consid-
a silicon alkoxide such as tetraethoxysilane (TEOS) in erable research activity. Sol-gel materials containing
solution (the sol) undergoes hydrolysis and condensa- colorimetric reagents, metal ions and complexes dyes,
tion polymerization reactions at room temperature to enzymes, antibodies and other proteins have been pre-
produce a loose network (the gel). Drying and heat pared and characteriz¢g-4].
treatment will then progressively densify the gel by ~ Numerous works have been reported in the liter-
elimination of solvents and water. At the sol stage, ature on dye-doped sol-gels for pH sensjhg20].
films can be coated onto a variety of substrates includ- For proton response in agueous solutions, the type
ing optical fibers and planar glass for optical chemical of alkoxide precursors used in the sol-gel process is
limited to the TEOS or TMOS and their analogs that
mpondmg author. Tels1-718-990-5225: give hydro_phili_c gels. Hoyv_ever, many dyes have .Iim—
fax: +1-718-990-1876. ited solubility in hydrophilic medium, thus leaching
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occurs[11-20] Various efforts has been undertaken 1.60ml of 0.1 M of HCI and 10-20mg of phenol
to improve the stability of dyes in the sol-gels, e.g. red. The mixture was stirred at room temperature for
by adding organosilang21,22] attaching dyes onthe 20 min. The resulting sol is stable at room temperature

organosilane$22—24} adding surfactanf25], or at- for more than 2 months when sealed tightly. Two hun-
taching the functional dyes onto hydrophilic polymers dred microliters of the sol was placed on a pre-cleaned
[26,27] microscopic slide (bcm x 2.5cm) and then spin

While these methods are useful to prevent dye cast at 1500 rpm for 30 s. The resulting sol-gel coated
leaching, extended response times are observed withglasses were dried and stored at room temperature.

gels that use organic modifief$9-23] and very of- pH measurements were made at least 2 days after
ten the X5 of the dyes are shifted 2—3 units, thus, the the sol-gel had been made to ensure stable spectra.
response pH ranges are also charid@?1] The fac- Smaller size sensor slides.9&m x 3cm) were cut

tors that affect the response time are the thickness of from the coated glasses in order to be placed into the
the films, pore size, and hydrophobicity of the doped standard cuvette. The thickness of the sol-gel glass
sol-gel glass. Adding organic modifiers increase the films wasapproximately 1 w.m measured with SEM.
hydrophobicity of the gel and may well changed the
pore size and thus resulting a prolonged response time2.3. Optical measurements
of the sensor to hydrophilic species. Thus, only ultra
thin films can be used to reduce the response time. Absorbance measurements were made on a UV-Vis
This, however, reduces the size of the signals. Evanes-single-beam photo-diode array with large glass
cent wave that employs multiple interactions with a slides (4cmx 13cm), or on double beam (LB6,
planer film are often used to enhance the sensitivity Perkin-Elmer or DU-2, Shimazu) spectrophotome-
when absorbance measurements are (86&i18,20] ters with the sol-gel coated glass slides placed in
In our work, we have doped phenol red (PR) in a a commercial quartz cell (Lcnx 1cm x 4.4cm)
sol—gel formed by co-condensing TEOS and phenyltri- containing the test solution. All quantitative measure-
ethoxysilane (Ph-TriEOS). By adding a small amount ments were made at 560 nm with the double beam
of Ph-triOES to TEOS as precursor, the resulted sen- DU-2. In most cases, sensors were first soaked for
sor overcomes the common problems of leaching and more than 20 min. in a pH 4 buffer to ensure a sta-
small response signal. The relative thick film still gives ble absorbance value before the first measurement
short response time, in addition to the wide response was made. For most experiments, calibration was
range, high reproducibility and long life-time. performed by immersing the films in 3ml of the
sample solution in the cuvette; absorbance was taken
at 1 min. The spectrophotometer was auto-zeroed by

2. Experimental zeroing the absorbance of the sensing sol—gel film at
700 nm with the double beam spectrophotometer. All
2.1. Reagents measurements and pre-equilibration were carried out

under ambient conditions-23°C).

Phenol red, TEOS, Ph-TriEOS were obtained from A universal buffer containing 0.1M N&Oy,
Aldrich. Standard pH buffers of 4, 7, and 10 were 0.04M of NaOAc, 0.04M of NaHPQ 0.04M of
obtained from Fisher Scientific. Sodium phosphates, H3BO3 and 0.04 M of NaCQOgz, was used to make pH
sodium acetate, boric acid, sodium carbonate were ob-buffers of pH 4-12, the pH was adjusted with$0y
tained from Aldrich. All other chemicals were com- or NaOH using an Orion pH combination electrode.
mercially available products. Standard solutions and Standard buffers of pH 4 (acetic acid—acetate), pH 7
buffers were prepared with distilled-deionized water. (phosphates) and pH 10 (borate and carbonate) were

used for the standardization of the pH electrode.
2.2. Preparation of sensor layer sol-gels Phenol red stock solution was prepared by dissolv-
ing 10.0mg of phenol red in 100 ml of de-ionized

Sol-gel solutions were prepared by mixing 4 ml of water. Measuring solution at various pH were pre-
TEOS, 50-20@u of Ph-TriEOS, 5ml of water, and  pared by mixing the stock solution and buffersina 1:1
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ratio. Absorption spectra of phenol red solutions were 0.25
taken in a standard cuvette at room temperature.
0.2 -
3. Results and discussion
8 0.15 +
c
3.1. pH response 8 o1
2 ,
(%]
Sol-gels made of TEOS have a yellow color. It £ 0.05 -
changes to pink when in contact with a pH 10 solution. '
Phenol red has limited solubility in these sol—gels and
leaching of the dye from the sol—gel glass film occurs. i
Addition of Ph-TriEOS enhances the solubility of phe-
nol red dye in the gel, and practically no leaching of the -0.05 ‘ ‘
400 500 600 700

dye was observed, as indicated by stable absorbances
at 560 nm measured in pH 6 and 10 solutions for more (@) Wavelength (nm)
than 10 cycles. However, large amount of Ph-TrEOS

increased the response and recovery times of the gel
significantly. Optimal ratio of the TEOS to Ph-TriEOS 0.74
was determined to be 20/1 (v/v), for the best perfor- 061
mance in terms of both signal size and response time.

0.8

Y 051
c
3.2. Response spectra 5 0.4
§ 0.31
Fig. 1lashows the spectra of phenol red doped in < g,/

sol-gel glass. The absorption spectra of phenol red
doped sol-gels reassembles to the spectra of phenol
red in aqueous solutiong=ig. 1b. At low pH, the 01
absorbance maximum is at 440 nm, and this peak de- 0.1
creases as solution pH increases. There is only a slight b 400 450 500 550 600 650 700
red shift of the absorbency maximum in the sol-gels (®) Wavelength (nm)
comparing to the aqueous solutions, e.g. the ab- _ . . i
. . Fig. 1. (a) Absorption spectra of phenol red in TEOS/Ph-TriEOS

_sorbance maXImgm are 560 a_nd 558 nm in sol-gel and (5%, viv) sol—gel glass film in buffer solutions of varying pH. From
in aqueous solutions, respectively. In the range of pH pottom up: pH 5, 6, 7, 8, 9, 10, 11 and 12. (b) Absorption spectra
6-12, the peak at 560 nm continually increases with of phenol red in buffer solutions of varying pH. From bottom up:
the increased pH. There is an isosbestic point at 482 for PH 5, 6, 7, 8, 9 and 10. Phenol red concentratiad1k 10~* M.
the pH range of 5-9, corresponding to the isosbestic
point to phenol red in aqueous solutions, which is to 12), has much wider response range than in aque-
481 nm. However, at higher pH range this point shifts ous solution (pH 6-10). This again suggests that the
to 492 nm, indicating the dye, phenol red in the gel has phenol red in the sol—gel exist in two forms. The ad-
two forms, possibly a free form and an adsorbed form. sorbed form is responsible for the higher pH range.

Fig. 2 shows the sol-gel sensor response curve at From the calibration curve, it was calculated that the
560nm in the universal buffer solutions of various immobilized phenol red has an averag€;pof 8.5,
pH. For comparison, the response curve of the phe- which is only slightly higher than the respectivi{
nol red in the aqueous buffer solution is shown in of 7.9 in the aqueous solutid&8].
Fig. 2 Both curves are normalized for the respective It is well known that addition of organic modifier
absorbance values at pH 13. From the curves, it can changes the hydrophobicity and the structure of the
be seen that the phenol red in sol-gel (pH from 6 gel network[2,20-23] thus the gel pores are more
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Fig. 2. Response curve of th@] phenol red in solution (concentration:41 x 10~4M) and (A) the phenol red/TEOS/Ph-THEOS (5%,
vivilv) sol-gel glass film at 558 nm as a function of buffer pH.

suitable to accommodate phenol red molecules, thusinto the sol-gel precursor mixturdable 2 summa-
increased the solubility of phenol red in the gel. When rized the response time of the sol-gels at different
organically modified gels use relatively larger amount compositions. With up to 5% (v/v) of Ph-TriEQS
of organosilanes in the precursor, the resulted gels relative to the total silane precursor, the sensor gives
causes lagerKy shifts of the dyes and the response very fast response in any direction of the pH changes.
time is longef21-23] The gels described in this pa- At 2.5% Ph-TriEOS in the silane precursor, the re-
per only apply a small amount of organosilane, thus sponse time is less than 10s. The response time for
the (K, shift is small. And also the relatively high hy- a 5% Ph-TriEOS in the precursor silane, as shown
drophilicity of the gel permits faster diffusion of pro- in Fig. 3 is less than 30s. However, further increas-
ton ions in the gel, therefore the response is fast. ing the Ph-TriEOS, will significantly increase the
Common cations such as NaK*, NHs, Bat response time, e.g. the response is longer than 5min
showed insignificant influence when 0.1 M of the
respective chloride salts were added into the pH 9
universal buffers. All the absorbance spectra and the taple 1
absorbance at 560nm are very close ($able J. Salt and ionic strength effect on the sensor absorbance at 560 nm
However, the ionic Strength does influence the ab- when pH 9 universal buffer was mixed with various salts solution
sorbance. The absorbance values at 560 nm in the©1M) or water

diluted buffer are (shown ifiable ) much lower than Solution Absorbance
in t_h_e qriginal i)uffers, indicating a higher hydroge_n Buffer 0.157+ 0.002
activity in the diluted buffers. This is due to that a di- Buffer/NaCl (1:1, viv) 0.159+ 0.002
luted solution has a lower ionic strength and therefore Buffer/KCI (1:1, v/v) 0.160+ 0.002
Buffer/BaCh (1:1, v/v) 0.153+ 0.003
3.3. Response time Buffer only 0.1574+ 0.002
Buffer/water (1:1, v/v) 0.134+ 0.002
The response time of the phenol red doped sol—gel Bufferiwater (1:2, viv) 0.132t 0.002
Buffer/water (1:3, v/v) 0.124+ 0.002

sensor depends on the amount of the Ph-TriEOS added
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Table 2
Response timetdsy,) of the phenol red sol—-gels with various
Ph-TriEOS contents

Sol—gel no. TEOS Ph-TriEOS  Phenol tosos (S)
(ml) () red (mg)

1 4 0 10 5

2 4 50 10 8

3 4 100 10 10

4 4 200 20 20

5 2 2000 20 600

tose, Was measured for pH change from 5 to 10.

when pH changed from pH 4 to 10 solution, and the
response from pH 10 back to 4 is even slower for a
50% of Ph-TriIEOS. This agrees with the results re-
ported in[20,21] These results can be interpreted by

the increased hydrophobicity of the gel with the in-

creasing amount of Ph-TriEOS in the precursor, there-
fore, the hydronium ions diffuse slower in these gels.
Yet, the presence of a small amount of Ph-TriEOS
as precursor in the sol is critical for the sensor’s

stability.

Extensive aging did not change the response time
significantly. Within the first 2 weeks, the response
time slightly increased, e.g. from 18 to 20s for a
pH change from 5 to 10, in day 5 and day 15 for
the 5% Ph-TriEOS films. Further storage did not al-

0.25
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£ 0.15 A
<
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Fig. 3. Time response curve of the phenol red/TEOS/Ph-TrEOS
(5%, viviv) sol-gel glass film in pH buffers when changed from
pH 5 to various pH values.
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ter the response time. Films tested at 1 month and
1 year showed that there was no change in response
time.

3.4. Sability, reproducibility and life-time

The sensor requires aging time of ca. 5 days af-
ter the phenol red sol-gel is coated onto the glass
slides. Within the first 5 days, the isosbestic point
at higher pH (10-12) is much higher than the spec-
tra at lower pH range. However, no obvious loss of
the dye into the solution were observed, as indicated
there is no absorbance at 560 nm in the soaking so-
lution, and no decrease in the film absorbance at pH
10. After further aging, the spectra remain unchanged.
Absorbance values measured at days 10, 30, 60, 90
and 120 days and 1 year are essentially the same
and the relative standard deviation (R.S.D.) in pH 8
buffer is less than 5%. The reproducibility when mea-
sured 10 times in a cycle of pH 5-8-10 within a 2h
period gives R.S.D. of less than 5% for all the so-
lutions. The slides are kept air dry when not used
in room temperature and humidity. No obvious dis-
coloration was detected with visual checking. Con-
tinuous usage of the sensor for over 3 months’ pe-
riod showed no decrease of the absorbance in the de-
tected range. In fact, the above graphs are made 4
months after the sensor was made and the sensor was
repeatedly used before and after these graphs were
taken. Currently, these sensors are under test for the
rapid and reversible sensing and detection of gaseous
species, the results will be presented in a separate
article.

4, Conclusion

Fast and long life-time optical sensors for pH were
fabricated with phenol red in sol—gels. Addition of a
small amount of organosilane is the key to the sensor’s
sensitivity, stability and life-time, due to the increased
solubility of the dye in the sol-gel. However, large
amount of the organosilane in the gel greatly decreased
the mobility of the ions in the gel, therefore, the re-
sponse time is prolonged. Due to adsorption of the
dye by the gel component in the lipophilic gel, the re-
sponse range is much wider than the dye response in
the aqueous solutions.
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