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Effect of the Sol-Gel Matrix on the Performance of
Ammonia Fluorosensors Based on Energy Transfer
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We report on the effect of organomodified sol-gel materials on fluorosensors for ammonia. The
fluorosensors are based on ion pairs composed of an inert fluorophore and a pH-sensitive absorber
dye and are embedded in sol-gel glass. Upon exposure to ammonia, deprotonation of the pH-
sensitive dye bromophenolblue occurrs, and consequently, energy is transferred from the fluoro-
phore rhodamine B or tetramethylrhodamine ethyl ester to the absorber. The response of the fluo-
rosensors using different ratios of precursors, such as tetramethoxysilane and
phenyltrimethoxysilane, is investigated. Detection limits for sol-gel layers composed of 50% tetra-
methoxysilane and 50% phenyltrimethoxysilane are as low as 0.1 mg/L of aqueous ammonia.
Response times are of the order of 3 to 6 min for forward response. The reversibility of the sensor
is related to the composition of the organically modified sol-gel glasses and is fastest for sensor
layers composed of pure phenyltrimethoxysilane. Conditioning, regeneration, and storage of the
layers are shown to be of vital importance for the performance of the sensor layers.
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INTRODUCTION

Sol-gels in sensor applications offer several inter-
esting features in that (a) they are optically transparent
from the UV to the near-infrared, (b) their microstructure
can be controlled, (¢) they provide a perm selectivity in
that only small ions and molecules can enter its network,
and (d) they are chemically and mechanically stable.
Most sol-gel techniques use water and low molecular
weight alkoxysilanes such as tetramethoxysilane
(TMOS) and tetraethoxysilane (TEOS) as sol-gel pre-
cursors. The entrapment of various indicators in porous,
optically clear glasses prepared by sol-gel techniques
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was reported [1-7]. However, there are no in-depth in-
vestigations on the use of sol-gel glasses which are or-
ganically modified and contain lipophilic alkyl or aryl
groups.

The first integrated optic ammonia sensor based on
evanescent field absorption was reported by Klein e al.
[8]. The sensitive element of this sensor was a multi-
mode strip waveguide spin-coated with a sol-gel-im-
mobilized indicator such as bromocresol purple. The
dye was incorporated in a porous SiO, matrix fabri-
cated by the sol-gel technique; 5 mg/L ammonia was
detectable, but only if the relative humidity was higher
than 85%. The near-infrared absorbing dye oxazine 170
was used to measure ammonia and acids via optical
waveguides [9]. Simon et al. reported on near-infrared
absorbing dyes for sensing gaseous ammonia [10].
However, the sensors suffered from low stability in the
silica matrix and poor reversibility. Fluorescein and
rhodamine 6G doped sol-gel optical fibers as platforms
for chemical and biosensors were published by Narang
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Fig. 1. Chemical structure of the RB/BPB and the TMRE/BPB ion pair.

et al. [11]. The fluorescein doped sol-gel fiber re-
sponded to ammonia and acid vapors within 12 s. Re-
cently, optical sensors based on fluorescence energy
transfer for the measurement of pH, carbon dioxide,
and ammonia were reported [12-14]. They made use
of the phenomenon that fluorescence energy transfer
occurred from an inert fluorophore (donor) to an ana-
lyte-sensitive absorber (acceptor) when the emission of
the fluorophore overlapped with the absorbance of the
absorber molecule. These sensors measured both ana-
lyte-dependent changes in fluorescence intensity and in
fluorescence lifetime.

In this work, we similarly made use of fluorescence
energy transfer between fluorescent rhodamines and
bromophenol blue to measure ammonia in aqueous so-
lution. The effect of the organomodified sol-gel matrix
on the characteristics of the ammonia sensors was in-
vestigated in detail. Furthermore, storage, conditioning,
and regeneration were shown to exert a significant effect
on the sensor performance.

EXPERIMENTAL

Apparatus

Fluorescence measurements were performed using
an Aminco SPF 500 spectrofluorimeter equipped with a
250-W tungsten halogen lamp as the light source and a
red sensitive detector. Sensor layers were mounted in the
fluorimeter and fluorescence intensity was measured at
excitation/emission wavelengths of 560/580 nm [15].
Buffered solutions of ammonia were passed over the
sensor layer at a flow rate of 2 ml/min. The response to
ammonia was measured as a decrease in relative fluo-
rescence.

The AFM pictures were taken with a Nanoscope I11
(Digital Instruments, Santa Barbara, CA) in standard

contact mode. Cantilevers were commercially available
soft silicon nitride cantilevers with oxide-sharpened tips
(Nanoprobe; Digital Instruments). Imaging was per-
formed in a glass fluid cell. In contact mode the deflec-
tion of the cantilever while touching and scanning the
sample was recorded. An analog feedback circuit ad-
Justed the sample height to keep the deflection constant.

Chemicals

Rhodamine B chloride (RBCI) and Triton X-100
were obtained from Merck (Darmstadt, Germany) and
bromophenol blue sodium salt from Aldrich (Steinheim,
Germany). Tetramethoxysilane (TMOS), phenyltrime-
thoxysilane (PhTMOS), and octyltrimethoxysilane
(OcTMOS) were from Fluka (Buchs, Switzerland). The
synthesis of the ion pairs rhodamine B bromophenol
blue (RB/BPB) and tetramethylrhodamine ethyl ester
bromophenol blue (TMRE/BPB) has already been de-
scribed in detail [15,16] (Fig. 1). Double-distilled water
was used throughout.

Ammonia solutions were prepared by dissolving
ammonium chloride in phosphate buffer of pH 6.8. The
concentration of free ammonia was calculated by the
Henderson—Hasselbach equation, which, at pH 6.8 and
25°C, was

log [NH,] = log [NH;] —2.44. (1)

Preparation of the Ammonia-Sensitive Layers

Glass plates (11 X 35 mm) were dip-coated in a
cocktail consisting of 3 mg of the respective indicator
(RBCI, RB/BPB, or TMRE/BPB), 0.5 ml of 0.1 N HCI,
2.5 ml of ethanol, 2 ml of the respective silane, and 50
ul of Triton X-100, 4 days after cocktail preparation.
The compositions of cocktails for the preparation of lay-
ers L-1 through L-7 are listed in Table 1. A tape was
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Table I. Composition of Cocktails Used for Making Sol-Gel Layers

L-1 to L-7¢
Layer Indicator (3 mg) Silane (2 mi)
L-1 RBCI 100% TMOS
L-2 RBCI 50% TMOS, 50% PhTMOS
L-3 RB/BPB 100% OcTMOS
L-4 RB/BPB 100% TMOS
L-5 RB/BPB 100% PhTMOS
L-6 RB/BPB 50% TMOS, 50% PhTMOS
L-7 TMRE/BPB 50% TMOS, 50% PhTMOS

“The cocktails consist of 0.5 ml of 0.1 N HCI, 2.5 ml of ethanol, and
50 pl of Triton X-100.
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Fig. 2. Calibration plots of sol-gel layers L-4 to L-7.

Table IL Figures of Merit of Sol-Gel Layers L-1 to L-7

Response time (min) .
——— Dynamic LOD

Layer(s) Forward Reverse Range (mg/L) (mg/L)
L-1,L-2,L-3 — — — —
L-4 7 — 5.0-10.0 5.0
L-5 5 7 1.0-5.0 1.0
L-6 6 >40 0.1-1.0 0.1
L-7 6 >40 0.1-1.0 0.1

glued on one side of the glass plates in order to prevent
both sides from being coated. Because polycondensation
of the silane and formation of the sol-gel caused changes
in the polymer network, the sensor layers were stored
dry for 2 weeks before measurements. The concentration
of the catalyst was varied from 0.001 to 0.01 and 0.1 N
HCIL. Homogeneous layers were cast from cocktails con-
taining 0.1 N HCI after 3-5 days. In the case of less
acidic catalysts (0.001 and 0.01 N HCI), stable sensor
layers were obtained after typically 10 days. However,
the concentration of HCI did not affect the response to
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Fig. 3. Excitation and emission spectra of rhodamine B (dashed line)
and absorbance of deprotonated bromophenol blue (solid line).

ammonia. Consequently, 0.1 N HCI was chosen in order
to reduce the required time for the layer preparation.

RESULTS

Effect of the Layer Composition on the Signal
Magnitude

Rhodamine B (RBCI) (L-1, L-2) and the ion pairs
RB/BPB (L-3 to L-6) and TMRE/BPB (L-7) were in-
corporated in organomodified sol-gel glasses. The re-
sponse of sol-gel layers L-1 to L-7 to aqueous ammonia
was measured as a change in relative fluorescence. The
calibration plots of layers L-4 to L-7, are shown in Fig.
2 and the sensor characteristics are listed in Table II.

Layers L-1 and L-2, containing only RBCI, did
not respond to ammonia. Octyl-modified sol-gel layer
L-3 was heterogeneous and not stable on the glass
support. Layer L-4, containing the ion pair RB/BPB,
showed a linear response between 3 and 10 mg/L am-
monia and a maximum relative signal change of 10%.
Layer L-5, containing the same indicator but an or-
ganically modified silane, was more sensitive and pro-
vided a sensitive range of 0 to 5 mg/L of aqueous
ammonia with relative signal changes as high as 35%.
L-6 and L-7, made from RB/BPB and TMRE/BPB,
respectively, were most sensitive to ammonia concen-
trations in the range of 0-2 mg/L, with maximum sig-
nal changes of around 55%.

The response to ammonia depended strongly on the
type of silane used as the sensor matrix. The relative
signal change of the optode layer increased with increas-
ing content of organically modified silane (<50%) but
decreased with an excess of modified silane (>50%). As
a result, the response of L-6 (50% TMOS, 50%
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PhTMOS) to 10 mg/L. ammonia was 1.6 times higher
than the response of L-5 (100% PhTMOS) and 5.5 times
higher than that of L-4 (100% TMOS).

The reproducibility was investigated 2 weeks after
layer preparation using five layers of type L-6. The stan-
dard deviation for 5 mg/L. ammonia was 1.9%, and the
standard error 1.1%, respectively (n = 10).

Effect of the Matrix on the Response Time

The forward response of layer L-4 to aqueous am-
monia was in the range of 5-10 min. The reverse re-
sponse, however, was irreversible. RB/BPB- and
TMRE/BPB-doped sol-gel layers (L-6, L-7) showed for-
ward response times similar to those of L-4, but were
not fully reversible as well. Only 70-80% of the initial
fluorescence was achieved when exposed to buffer. In
contrast, the response of L-5, based on pure PhATMOS
as the matrix, was fully reversible.

Effect of Storage, Conditioning, and Regeneration
on the Response

The highest sensitivity was obtained for L-6. Thus,
layers of this type were used to study the effects of stor-
age, conditioning, and regeneration on the response to
ammonia. The sol-gel layers were stored dry in ambient
air, in distilled water, and in phosphate buffer of pH 6.8.
Measurements were performed 2 weeks after layer prep-
aration and after overnight conditioning in the respective
environment. Storage in distilled water resulted in signal
enhancement by 10 and 30% compared to dry storage
and storage in buffer.

After measurements, sol-gel layers L-6 were stored
dry, in water, and in buffer for 16 h and again exposed
to ammonia. The calibration plot of L-6 after regenera-
tion in water is similar to the calibration plot of a new
layer. However, a 60% loss in the relative signal change
was observed for storage in air and a 20% loss for stor-
age in buffer.

The response of the sol-gel layers to ammonia was
measured 2, 3, 5, 7, and 24 weeks after layer preparation
and dry or humid storage. After storage of 1 week in the
respective environment (3 weeks after layer preparation),
no loss in sensitivity for layers stored in distilled water
was observed. Storage in ambient air or in buffer caused
a decrease in sensitivity. In the latter case, the response
to ammonia decreased by 70-80%, probably because of
crystallization of buffer salts in the pores of the sol-gel.
However, the sensitivity to ammonia remained constant
over a period of 6 months for sol-gel layers stored in
distilled water. For sol-gel layers stored in ambient air,
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a sensitivity loss was observed only after the first week.
Afterward, the sensitivity also remained constant for 1
month.

Effect of pH on the Response

The effect of pH on the response of sol-gel layers
L-6 to ammonia was studied using phosphate buffers of
pH 6.8, 5.7, and 7.8. In buffer of pH 7.8 the fluorescence
decreased by 1.5% relative to the fluorescence at pH 6.8.
In buffer of pH 5.7, however, the fluorescence increased
by 2.9%. The response to a low pH was fast (1.5%
min~'); exposure to a high pH resulted in a slow drift
reaching a steady state after typically 6 min (0.48%
min~').

DISCUSSION

Recently, an ammonia sensor membrane based on
rhodamine B chloride (RBCI) immobilized in plasticized
poly(vinyl chloride) (PVC) has been reported [15,17].
Its response to ammonia was based on the deprotonation
of neutral (fluorescent) RBCI by ammonia to form a flu-
orescent zwitterion and the consequent conversion of the
zwitterion into a nonfluorescent lactone [15,17]. For the
formation of the lactone a highly lipophilic and unpolar
matrix such as plasticized PVC was required.

In the present case, RBCI is similarly entrapped in
sol-gel glass based on the precursors TMOS and the
more lipophilic PhTMOS (L-1, L-2). Both types of
membranes do not respond to ammonia because the li-
pophilicity of the sol-gel matrices is insufficient for the
conversion of the zwitterion into the lactone. However,
RB incorporated in sol-gel as fluorophore/absorber pairs
RB/BPB and TMRE/BPB exhibits a significant response
to ammonia (see Table II). The principle of both ion
pairs is based purely on energy transfer from the fluo-
rescent rhodamine dyes to bromophenol blue, which is
deprotonated upon exposure to ammonia (Fig. 3).

In the hydrophilic and proton-permeable TMOS,
the response of RB/BPB is relatively low, with maxi-
mum signal changes of around 10%. This is due to the
fact that under the experimental conditions (in buffer of
pH 6.8), the absorber BPB becomes deprotonated and a
reaction with ammonia does not further change the ab-
sorbance of BPB (and consequently the fluorescence of
the rhodamine). The response of sensors based on
PhiTMOS-TMOS mixtures to pH is much slower be-
cause the more lipophilic matrix restricts diffusion of
ions into the matrix. Consequently, these layers can be
used for the measurements of gaseous species such as
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Fig. 4. Atomic force microscopy (AFM) image of sol-gel layer L-4 showing the rough nonporous
surface.

ammonia. The stability of the response and the cross-
sensitivity to pH can be further reduced by employing
pure PhTMOS as the matrix.

Apart from affecting the cross-sensitivity to pH, the
matrix also affects the response times for forward and
reverse response. Whereas mixtures of PhTMOS and
TMOS gave a fast forward response (5-10 min), the
reverse response was irreversible. However, by increas-
ing the content of organomodified PATMOS up to 100%,
sensors with a fast reverse response were obtained. The
effect of the matrix is based on the fact that polar ma-
trices enable the formation of a deprotonated and, there-
fore, negatively charged species of the absorber in the
sol-gel matrix. This causes large signal changes but an
irreversible response. Less polar and more lipophilic sol-
gel materials, in contrast, are less able to solvate the
deprotonated form of the absorber because there is a
serious dielectric constraint to deprotonation in the non-
polar matrix. Consequently, signal changes are smaller
but the response is reversible because the uncharged pro-
tonated form of the dye is stabilized in the matrix. A
recent investigation has shown a similar behavior with
ammonia sensors based on pH indicator dyes in plasti-
cized PVC [18].

When using organomodified sol-gel glasses, one
has to take into account that the sol-gel process is much
slower than with common TMOS. However, despite this

limitation, sol-gels still are simple in preparation and
provide sensor layers whose indicators do not leach out.
The enhanced lipophilicity of the sol-gel affects the re-
sponse of these sensor layers in that ions are restricted
in their diffusion, whereas gases are not. Consequently,
organomodified sol-gel glasses are most appropriate for
gas sensors for both the gas and the aqueous phase. Or-
ganomodified sol-gel glasses still exhibit much better
mechanical stability than most polymer materials such
as plasticized PVC and ethy] cellulose. Due to their rigid
structure, swelling effects which can cause drift are not
observed. Finally, their storage stability is superior since
they do not contain plasticizers, which are generalily nec-
essary for proper functioning of most optical sensors.
To understand further the response of the ammonia
sensors, atomic force microscopy (AFM) images of or-
ganically modified and unmodified sol-gel layers L-4
and L-5 were taken. L-4 does not contain any organi-
cally modified precursor, but pure TMOS. This sensor
shows a poor and irreversible response to ammonia (see
Fig. 2 and Table II). The surface of L-4 is rough and
exhibits little porosity (Fig. 4). In contrast, the images
of the organically modified sol-gel layers show pores of
4-um depth. Porosity increases with an increasing con-
tent of PhATMOS, which allows better diffusion of am-
monia into and inside the layer and is likely to cause the
reversible response to ammonia. Figure 5 shows an im-
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Fig. 5. AFM image of sensor layer L-5 showing the smooth, porous sensor surface.

age of layer L-5. The response of L-5 is fully reversible.
However, after repeated exposure to buffered ammonia,
the surface becomes rough and unporous, similar to
layer L4,

CONCLUSION

Ammonia-sensitive membrane layers are presented
which make use of an absorbance-based pH indicator
dye incorporated in organomodified sol-gel glasses. The
use of the pH indicator dye together with inert fluoro-
phores in the form of ion pairs allows us to apply the
membranes in fluorescence rather than in absorbance
mode. This is especially important if the membranes are
to be used for optical fiber sensors. Organomodified sol-
gel glasses provide advantages over common sol-gel
glasses in that they are more lipophilic and improve the
response times and relative signal changes to neutral
(gaseous) analytes. Furthermore, cross-sensitivity to pH
is reduced and leaching becomes negligible. The lipo-
philicity of the organomodified sol-gel glasses enables
the fast diffusion of gases in and out of the material,
whereas the diffusion of ions is restricted. The FRET-
based sensors allow the measurement not only of fluo-

rescence intensity but also of fluorescence lifetime,
which is currently under investigation.
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