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Abstract 

We report on fluorosensors for ammonia using rhodamines incorporated in plasticized poly(viny1 chloride) (PVC) and in 
sol-gel matrix. The response of rhodamine B is due to a change in its molecular structure. When exposed to ammonia, the 
rhodamine is converted into a colorless, non-fluorescent lactone. As a result, the decrease in fluorescence intensity is 
proportional to the concentration of ammonia. To improve sensitivity we make use of fluorescence energy transfer using 
donor-acceptor complexes. Ion pairs consisting of a fluorophore (rhodamine B or tetramethylrhodamine ethyl ester) and an 
absorber (bromophenol blue) were immobilized in PVC and in sol-gel. Response times of the optode layers are in the order of 
2 to 8 min depending on the ammonia concentration and the matrix used. Limits of detection are as low as 0.1 pg ml ’ 
ammonia. The sol-gel is appropriate for use in sensor technology and comparable to PVC layers with respect to response 
mechanism and response time. Sol-gel based ammonia sensors are advantageous over PVC layers in their storage stability 
(26 months) and the relative insensitivity to protons in response to ammonia. 
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1. Introduction 

Ammonia in water at trace levels (25 pg 1-l) is 
known to be toxic to various organisms. On-line 

monitoring of ammonia therefore is important in 

environmental analysis, especially of drinking and 
surface waters, in aquariums and bioreactors. In order 
to meet the increasing demand for methods suitable 
for continuous monitoring of ammonia, a variety of 
ammonia sensors has been described, mainly based on 
electrochemicil or optical transduction. 
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Optical ammonia sensors employ calorimetric and 

fluorimetric indicators, ammonium-selective iono- 
phores (e.g. nonactin) combined with a chromoiono- 
phore [1,2], indicator ion pairs [3,4] and receptor 
molecules such as porphyrins [5]. 

Here, we report on another type of sensor for 
ammonia which is based on an entirely different 
scheme which involves lactonization of a triphenyl- 
methane dye. Unlike the work of Dickert et al. [6,7] in 
which solvent vapors and gases such as ammonia were 
determined via the formation of a colorless phthalide, 
we use highly fluorescent rhodamines incorporated in 
organic polymers. The use of fluorescence results in 
extremely sensitive optode layers which may be mea- 
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sured either via fluorescence intensity or lifetime. We 
also make use of the phenomenon of fluorescence 
energy transfer to further increase the sensitivity to 
ammonia. Several optochemical sensors based on 
energy transfer using donor and acceptor molecules 
(e.g. eosin and phenol red) have been reported [&lo]. 
We used rhodamine B as the fluorophore and bromo- 
phenol blue as the absorber. 

The response and the mechanism of these indicators 
in different matrices, plasticized poly(viny1 chloride) 
(PVC) and sol-gel have been investigated. Sol-gels 
have become increasingly interesting for applications 
in optical sensing [ 111. Most sol-gel techniques use 
water and low molecular weight alkoxysilanes such as 
tetramethoxysilane or tetraethoxysilane as sol-gel 
precursors. The formation of the sol-gel is due to 
hydrolysis and polycondensation of the alkoxysilanes. 

Herein, we compare sol-gel based ammonia sen- 
sors to “conventional” PVC sensors and show that 
sol-gel layers offer interesting features, such as che- 
mical and mechanical stability, excellent response and 
short response time, and low limit of detection 
(0.1 pg ml-’ ammonia). 

2. Experimental 

2.1. Apparatus 

Sensor layers were mounted in an Aminco SPF 500 
spectrofluorimeter shown in Fig. 1 equipped with a 

dp L 

Fig. 1. Experimental set-up: D, photodetector; FC, flow-through 
cell; L, lamp; MI, mirror; MC, monochromator; M, sensor 

membrane consisting of the polymer support and the ammonia 

sensitive coating; S, sample solution. 

COOH 

Fig. 2. Chemical structure of the RB/BPB ion pair. 

250 W tungsten halogen lamp as a light source. Fluor- 
escence intensity was observed at excitation/emission 
wavelengths of 560-580 nm. The layers were placed 
in a flow through cell thermostated at 25°C and 
exposed to buffer at a flow rate of 2 ml min-‘. 

2.2. Preparation of functionalized rhodamines 

Rhodamine B chloride was obtained from Merck 
(Darmstadt, Germany). The rhodamine B bromophe- 
no1 blue ion pair (RB/BPB), which is shown in Fig. 2, 
was prepared according to the following procedure. To 
a stirred solution of 1.0 g (2.1 mmol) rhodamine B 
chloride in 150 ml of distilled water was added a 
solution of 1.45 g (2.1 mmol) bromophenol blue 
sodium salt (Aldrich, Steinheim, Germany) in 
100 ml of distilled water adjusted to pH 2.5 by addi- 
tion of hydrochloric acid. After 30 min, the precipitate 
was filtered, washed with 10 ml of 0.01 M hydrochlo- 
ric acid and dried at 60°C in an atmospheric oven. 
Calc./found for C47H40Br4N208S (MM = 1112.54): 
C, 50.74150.45; H, 3.6213.94; N, 2.52/2.53%. Tetra- 
methylrhodamine ethyl ester (TMFE) was obtained 
from Lambda (Graz, Austria). The TMRE/BPB ion 
pair was prepared according to the above procedure. 
CalcJfound for C45H36Br4N208S.H20 (MM= 
1102.46): C, 49.03i49.04; H, 3.47/3.38; N, 2.541 
2.21%. 

2.3. Layer preparation 

2.3.1. Poly(viny1 chloride) layers 
The layers were cast from mixtures consisting of 

0.4 mg of either RBCl, RBIBPB, TMREYBPB or BPB, 
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Table 1 

Composition of mixture used for making layers L-l to L-X and figures of merit for PVC layers L-l to L-3 and sol-gel layers L-6 to L-8 

Layer Indicator Polymer Plasticizer Solvent LOD Dynamic range Response time (min) 

018 m 1-l) @g m I-‘) Forward Reverse 

L-l a 0.4 RBCl mg 120 PVC mg 240 TOP 1.5 ml THF mg 0.1 0.1-2 2 5 

L-2 a 0.4 RB/BPB mg 120 PVC mg 240 TOP 1.5 ml THF mg 0.1 0.1-l 3-5 10 

L-3 a 0.4 TMRE/BPB mg 120 PVC mg 240 TOP 1.5 ml THF mg 0.5 0.5-3 3-5 10 
L-4 a 0.4 BPB mg 120 PVC mg 240 TOP 1.5mlTHF mg - - - 

L-5 b 3 RBCl mg 1 ml TMOS, 2.5 ml EtOH - - 

1 ml PhTMOS 

L-6 b 3 RB/BPB mg 1 ml TMOS, 2.5 ml EtOH 0.1 0.1-l 2-8 140 
1 ml PhTMOS 

L-7 b 3 RB/BPB mg 2 ml PhTMOS - 2.5 ml EtOH 1 l-5 3-5 17 
L-8 b 3 TMRE/BPB mg 1 ml TMOS, 2.5 ml EtOH 0.1 0.1-l 2-8 140 

1 ml PhTMOS 

a All layers are coated with a white PTFE layer. 

b Furthermore, the sensor cocktails consist of 0.1 M HCl and 50 ~1 of Triton X-100, EtOH=ethanol. 

120 mg of (PVC) (high molecular weight) (Fluka, 
Buchs, Switzerland) and 240 mg tris(2-ethylhexyl)- 
phosphate (TOP) (Fluka) in 1.5 ml of tetrahydrofuran 
(THF). The composition of mixtures for making 
optode layers L-l through L-4 are listed in Table 1. 
Mixtures were spread onto a polyester film, type 
Mylar GA 10, 175 pm thick (DuPont, Bad Homburg, 
Germany) to give layers with a thickness of 4-8 pm 
after solvent evaporation (as calculated from the 
quantities employed). They were finally coated with 
a commercial white standard PTFJZ layer to avoid 
leaching of the indicator (see Table 1). 

2.3.2. Sol-gel layers 
Small glass plates (11 x 35 mm) were dip-coated 

from a mixture consisting of 3 mg of indicator, 
0.5 ml of 0.1 M HCl, 2.5 ml of ethanol, 2 ml of silane 
and 50~1 of Triton X-100 (Merck, Darmstadt, Ger- 
many), typically 3-5 days after mixture preparation. 
Tetramethoxysilane (TMOS) and phenyltrimethoxy- 
silane (PhTMOS) were from Fluka (Buchs, Switzer- 
land). The compositions of the mixture used for 
making optode layers L-5 through L-8 are listed in 
Table 1. A tape was glued on one side of the glass 
plates to prevent this side from being coated. The 
polycondensation of the silane to form the sol-gel 
causes significant changes in the polymer. The pore 
size of the network decreases with increasing extent of 
condensation. These changes result in different diffu- 
sion rates of the analyte into and inside the sensor 

layer. To avoid irreproducible response of the sensor 
the layers were stored in dry conditions for typically 2 
weeks before measurements. 

2.4. Standard solutions 

Ammonia solutions were prepared by dissolving 
ammonium chloride in 0.1 M sodium phosphate buf- 
fer of pH 6.8. The concentration of free ammonia was 
calculated by the Henderson-Hasselbach equation 
which, at pH 6.8 and 25°C is 

log[NHs] = log[NH,+] - 2.44. 

3. Results 

3.1. Response 

3.1.1. PVC layers 
The PVC layers L-l to L-3 were coated with 

standard white PTFE to avoid leaching of the indi- 
cator. The calibration plots of the respective PVC 
layers are shown in Fig. 3 and the sensor character- 
istics are listed in Table 1. L-l and L-3 respond to 
ammonia in a similar manner. Best response was 
obtained for L-2 using RB/BFR. Such a donor-accep- 
tor complex improves sensitivity by 30%. The 
response time of L- 1 to L-3 is ca. 2 to 5 min depending 
on the ammonia concentration; the response is fully 
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Fig. 3. Calibration plots for PVC layers L-l to L-3 and sol-gel 

layers L-6 to L-8. The data points are mean values (n=5). n L-2; 

x L-6, L-8; + L-l; * L-7; n L-3. 

reversible. The reverse response time is in the range of 
5 to 10 min. 

3.1.2. Sol-gel layers 
Conditioning, regeneration and storage of the sol- 

gel layers were studied in dry conditions, in distilled 
water and in phosphate buffer of pH 6.8. A total loss of 
sensitivity was observed when the layers were stored 
in phosphate buffer for 5 days. This is likely to be due 
to crystallization of the buffer salts in the pores of the 
sol-gel. However, layers stored in distilled water 
remained stable and sensitive for >6 months. The 
sol-gel layers kept in dry conditions were 10% less 
sensitive than those kept in distilled water, but their 
sensitivity also remained constant over a period of 6 
months. Hence, the sol-gel layers L-5 to L-8 were 
pretreated and stored in distilled water before mea- 
surements. Figures of merit for L-5 to L-8 are given in 
Table 1. No leaching of the indicator was observed 
and therefore, no additional coating was employed. In 
contrast to PVC layers containing RBCI (L-l) the 
respective sol-gel layers (L-5) do not respond to 
ammonia. However, L-6 and L-8 show excellent 
response to ammonia: the limit of detection (LOD) 
is 0.1 pg ml-’ ammonia (concentration giving a signal 
change of 10%). Response times are of the order of 2 
to 8 min for the forward reaction (dependent on the 
ammonia concentration) and 10 to 40 min for the 

7’ 

0 6 13 19 

time (min) 

Fig. 4. Effect of pH on the fluorescence intensity of sol-gel layer 

L-6. 

reverse reaction. The L-7 is 40% less sensitive to 
10 pg ml-’ ammonia than L-6, but fully reversible. 

3.2. Effect of pH 

3.2.1. PVC layers 
Because PVC layers were coated with white PTFE 

to prevent leaching of the indicator, the layers were 
permeable only for gases, not ions. 

3.2.2. Sol-gel layers 
The effect of protons on the response of sol-gel 

layers, in particular L-6, to ammonia was studied. As 
shown in Fig. 4, going from pH 6.8 to 7.8 causes a 
decrease in fluorescence by 1.5% whereas exposure to 
buffer of pH 5.7 results in an increase of fluorescence 
by 2.9%. The response to low pH is fast (within 
1 min); exposure to high pH results in a slow drift 
reaching a steady state after typically 6 min. The effect 
of pH on the response to ammonia is small and within 
4% when exposed to 13 pg ml-’ ammonia. However, 
the pH effect increases tremendously at the low end of 
the response curve, subsequent experiments were 
performed at constant pH. 

3.3. Interferences 

The layers, in particular L- 1, show a larger response 
to methylamine (pK,= 10.64) and ethylamine 
(p&=10.73) than to ammonia (p&=9.25), because 
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they are stronger bases. The response of the PVC layer 
L-l to 1 ug ml-’ ammonia results in a signal change 
by 9% which is 5 times lower than the response to 
methylamine. 

3.4. Repeatability and reproducibility 

The standard error of the mean of 13 measurements 
at 5 pg ml-’ ammonia using the same PVC layer was 
0.3%. Reproducibility of measurements using differ- 
ent samples and specimens of the same layer was 
about 0.5%. 

Because of the poor reversibility of the sol-gel 
layers, the layers were replaced after each measure- 
ment. Thus, no repeatability data are presented for 
sol-gel layers. The average standard error of 5 mea- 
surements of 5 j.tg ml-’ ammonia using sol-gel layers 

of the same charge was 1.1%. 

3.5. Storage stability 

PVC layers were stored dry at room temperature 
and remained fully active without loss in sensitivity 

(a) 

OOH 

for three months. The storage stability of the layers is 
limited by the evaporation of the plasticizer. The 
stability of sol-gel layers was tested for 24 weeks. 
When stored in distilled water, no loss in sensitivity 
was found during this period. 

4. Discussion 

4. I. Mechanism 

4.1.1. PVC layers 
The response of rhodamine B (L-l) is the result of a 

change in the molecular structure of the rhodamine 
[ 12,131. The mechanism for the response of the sensor 
layers is shown in Fig. 5. Two equilibria may be 
discussed, namely (a) the equilibrium between the 
protonated and the deprotonated form which is pH 
dependent and (b), the equilibrium between the depro- 
tonated and lactone form, which is solvent dependent. 
When exposed to ammonia, both the cationic (RB+) 
and the zwitterionic form (RB*) of the rhodamine are 
converted into a colorless, non-fluorescent lactone. 

(b) 

COO- 

Fig. 5. Chemical structures of (a) the cationic (RB+), (b) the zwitterionic (RB*) and (c) the la&one form of rhodamine B. 
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Fig. 6. Absorption and emission spectra of rhodamine B (- - -) 

and bromophenol blue (--- ) using PVC layers L-3 and L-4. 

The protonated and zwitterionic forms exhibit high 
fluorescence whereas the lactone is almost non-fluor- 
escent. This characteristic of rhodamine B in a non- 
polar solvent (plasticized polymer matrix) causes the 
fluorescent signal to change. Since the pK, value of the 
carboxyl group is quite low (pKa=3), RB shows a 
highly sensitive response to ammonia. 

In order to demonstrate that the response of the 
sensing layer is due to the formation of a lactone, a 
sensor layer composed of rhodamine B octadecylester 
perchlorate (RBCIs ester) (not shown in Table 1) and 
TOP plasticized PVC was used [ 131. The formation of 
the lactone is due to an intramolecular esterification of 
the carboxylic group. The rhodamine ester cannot 
lactonize, and no fluorescence decrease was observed 
on exposure to ammonia. 

Layer L-3 contains the lipophilic ion pair TMREI 
BPB which consists of the pH independent fluoro- 
phore TMRE and the pH-sensitive absorber BPB. 
TMRE cannot lactonize and thus does not respond 
to ammonia. As shown in Fig. 6, the fluorescence 
emission spectrum of TMRE overlaps with the absorp- 
tion band of deprotonated BPB. Consequently, the 
observed signal change of L-3 is a result of energy 
transfer from the fluorophore (TMRE) to the absorber 
(BPB) which occurs when BPB is deprotonated by 
ammonia. The PVC layer L-2, however, is twice as 
sensitive to ammonia than L-l and L-3 (see Fig. 3). 
We assume that the excellent response is a combina- 
tion of both the lactonization of rhodamine B and the 
energy transfer from the rhodamine to bromophenol 

blue. 

4.1.2. Sol-gel layers 
In contrast to the respective PVC layers, sol-gel 

layer L-5 does not respond to ammonia. Since the 
formation of a lactone only takes place in a highly 
lipophilic matrix as is the case for L-l and L-2, the 
lipophilicity of the phenyl-modified sol-gel is 
probably insufficient. However, the sol-gel layers 
L-6 and L-8 show excellent response to ammonia. 
Rhodamine B (L-6) and tetramethylrhodamine 
ethyl ester (L-8) were used for ion-pairing with 
the absorber bromophenol blue. Because both 
fluorophores (RBCl and TMRE) are not sensitive to 
ammonia, the response mechanism is due only to 
energy transfer. 

4.2. Effect of mixture composition on the sensor 
response 

4.2.1. PVC layers 

As can be expected, large amounts of indicator or 
polymer in the layer retard the response of the sensor. 
Sensor layers containing 266% plasticizer (with 
respect to the polymer) show fast response, but are 
less mechanically stable. It should be kept in mind that 
the sensor layers presented here are highly sensitive 
but not optimized. The optimum amount of indicator 
in the layer and the optimum layer thickness have not 
been investigated. 

4.2.2. Sol-gel layers 
The response to ammonia and the reversibility of 

the sensor strongly depends on the kind of silane used 
as sensor matrix. The relative signal change of the 
ammonia optode increases with increasing content of 
organically modified silane (<50%), but then 
decreases with excess of modified silane (>50%). 
Thus, the response of sol-gel layer composed of 
100% TMOS (not listed in Table 1) is 80% lower 
than for L-6. 

Furthermore, the response of the sensor becomes 
reversible with increasing content of modified silane. 
The reversibility of the ammonia optode depends on 
the content of phenyltrimethoxysilane (PhTMOS) and 
thus on the lipophilicity of the layer. As a result, L-7 is 
fully reversible whereas L-6 and L-8 show poor 
reversibility in that only 70-80% of the initial fluor- 
escence is reached after exposure to buffer. Sol-gel 
layers of 100% TMOS act irreversibly. 



C. Preininger; G.J. Mohr/Analyrica Chimica Acta 342 (1997) 207-213 213 

Acknowledgements 

This work was supported by the Austrian Science 
Foundation within project P10.389-CHE which is 
gratefully acknowledged. The authors would also like 
to thank Prof. Otto S. Wolfbeis for stimulating dis- 
cussions and Dr. Arti Ahluwalia for linguistic advice. 

References 

[l] S. Ozawa, P. Hauser, K. Seiler, S.S.S. Tan and W. Simon, 
Anal. Chem., 64 (1992) 533. 

[2] W. Morf, B. Rusterholz and W. Simon, Anal. Sci., 5 (1989) 
557. 

[3] A. Mills, Q. Chang and N. McMurray, Anal. Chem., 64 
(1992) 1383. 

[4] T. Werner, I. Klimant and O.S. Wolfbeis, Analyst, 120 (1995) 
1627. 

[5] A. Morales-Bahnik, R. Czolk and H.J. Ache, Sens. Actuators 

B, 18-19 (1994) 493. 

[6] EL. Dicker& S.K. Schreiner, G.R. Mages and H. Kimmel, 
Anal. Chem., 61 (1989) 2306. 

[7] EL. Dickert, A. Haunschild, P. Hofmann and G. Mages, Sens. 
Actuators B, 6 (1992) 25. 

[S] S.B. Bambot, J. Sipior, J.R. Lakowicz and G. Rao, Sens. 
Actuators B, 22 (1994) 181. 

[93 D.M. Jordan, D.R. Walt and F.R. Milanovich, Anal. Chem., 
59 (1987) 437. 

[lo] N. Ohta, N. Tamai, T. Kuroda, T. Yamazaki, Y. Nishimura and 
1. Yamazaki, Chem. Phys., 177 (1993) 591. 

[I 11 D. Avnir, S. Braun, 0. Lev, D. Levy and M. Ottolenghi (Eds.), 
Sol-Gel Optics-Processing and Applications, Kluwer, Boston, 

23, 1994, pp. 539-582. 

[12] EL. Arbeloa, T.L. Arbeloa, M.J.T. Estevez and I.L. Arbeloa, 

J. Phys. Chem., 95 (1991) 2203. 

[13] C. Preininger, G.J. Mohr, I. Klimant and O.S. Wolfbeis, Anal. 
Chim. Acta, 334 (1996) 113-123. 


