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ABSTRACT 

This work ascribes the application of a synthon (GMI,I capable of form- 
ing a variety of reactive azo dyes useful as pH indicators. GM1 possesses 
two functional groups, namely (a) an amino group which allows diazo 
coupling to form an indicator chromophore, and (b) a 2-hydroxyethyl- 
sulphonyl group which, after activation, allows its immobilization on cellu- 
lose. GA41 has been diazo coupled with various aromatic phenols and 
amines to give a variety of pH probes. After the 2-hydroxyethylsulphonyl 
group has been converted into a reactive vinylsulphonyl group, the dye has 
been covaiently linked to the hydroxy groups of cellulose. We use a novel 
type of a transpar~t sol~~lrn consisting of a polyester support covered 
with a thin layer of cellulose acetate which, during immobilization, is con- 
verted into cellulose. Cellulose membranes ~oloured with such pH indicat- 
ing dyes can be applied for optical pH sensing. All dyes are characterized, 
both in dissolved and immobilized form, in terms of optical properties in 
the acid and conjugate base form, p& values and indicator properties. 
Semiempirical AM1 calculations have been performed in order to compute 
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deprotonation energies of three representative dyes, and data were 
compared with experimental pK, ‘s 

1 INTRODUCTION 

The determination of the pH of aqueous solutions is an important aspect 
of analytical chemistry and is routinely performed in most laboratories, 
using glass electrodes. Nevertheless, under conditions of low ionic 
strength or high pH, the accuracy of glass electrodes is limited. Photo- 
metric measurements offer an attractive alternative for on-line monitor- 
ing of pH. Corresponding devices are called optrodes and can have 
advantages over electrodes,’ 

The principle of pH-optrodes is straightforward; a pH-sensitive dye is 
immobilized on the tip of an optical fibre or on a planar membrane sup- 
port which may be placed in a flow-through cell. A change in the pH of 
the solution passing the cell leads to a change in the absorption of the 
coloured membrane, which is detected using a spe~trophotometer, some- 
times in conjunction with an optical fibre arrangement. Compared to 
electrochemical pH detectors, optrodes show fairly fast response time, 
high reproducibility and a very stable signal, but have a limited dynamic 
range and are cross sensitive to ionic strength.1-3 

This paper describes the synthesis of functional~ed azo dyes of the 
Remazol type4,’ and their immobilization on cellulose, Dyes of that kind 
are used in textile chemistry because they can be covalently fixed to the 
substrate. However, textile chemists and monsters expect the colour of 
the fabric to be the same at any condition and PH. Therefore, the available 
Remazol dyes are not intended for, or suitable for, use in optical pH deter- 
mination. The latter requires the dye to possess a functional group (such as 
a phenolic hydroxy group) with an appropriate pK* value, and to give an 
intense change in colour with PH. Fu~he~ore, dyes used in sensor chem- 
istry are expected to possess absorption wavelengths in the 550 to 800 nm 
range in order to be compatible with available light-emitting diodes 
(LEDs). Last, but not least, pH indicators for optical sensing should be co- 
valently linked to the support in order to prevent leaching. The work de- 
scribed here was performed accordingly in view of these aspects. 

2 EXPERIMENTAL 

2.1 Apparatus 

Melting points were obtained on a Gallenkamp melting point apparatus 
and were uncorrected. ‘H-NMR spectra were acquired on a Varian XL 



200 Gemini or on a Bruker 360 spectrometer with chemical shifts given in 
delta (ppm) relative to TMS. In most cases, protons of aromatic amino 
and hydroxy groups were hydrogen-bonded and delta values could not be 
determined. Mass spectra were obtained on a Finnigan 4500. Elemental 
microanalyses were performed on a Carlo Erba 1106 CHN microanalyser 
The pH of bufIer solutions (see Section 2.2) was measured with a 
Metrohm 632 pH-meter. The absorption spectra of coloured membranes 
and dissolved dyes, as well as measurements for the determination of p&, 
were performed on a Shimadzu W-2101-PC spectrophotometer. 

2.2 Reagents 

All reagents were of analytic reagent grade. The buffer used in this work 
contained O-04 M sodium acetate, O-04 M boric acid, 0~04 M sodium dihy- 
drogen phosphates and U-1 M sodium sulphate. The pH was adjusted 
using 170 N sodium hydroxide and 6 N sulphuric acid. Column chro- 
matography was performed with Silica gel 60 (63-200 grn, Merck). The 
membranes used for immobilization were transparent overhead foils 
(Hewlett Packard, prod. no. 17703T). The films cansisted of a layer of 
cellulose acetate (10 pm thickness) fixed on to a transparent polyester 
support (Mylar). 

2.3 Synthesis uf rea&ve aim dyes 

2.3. I I-~y~~~y~-r4-~2-~y~~~y~~~yl~~~~~yl~-~~~yl~~~~-~~~~~~l~~~ (1) 
3-2 g (13.4 mmol) of GMlG9 were mixed with 4.5 ml (27 mmol) of 6 N 
hydrochloric acid and cooled to below 5°C. To this, a solution of 0.88 g 
(12.8 mmol) of sodium nitrite in 5 ml of water was slowly introduced. 
The resulting solution was added to 1.84 g (12.8 mmol) of I-hydroxy 
naphthalene in 20 ml of cold acetic acid, and the mixture was stirred for 
4 h. The red precipitate was filtered with suction, washed with 20 ml of 
100% acetic acid to remove traces of l-hydroxy~aphthalene and then 
washed with 100 ml of cold water. Yield 3-6 g (79*X$. R~~stalli~tion 
from acetic acid-water (9 : 1) gave red crystals m.p., 239°C. ‘H-NMR 
(DMSO): S (ppm) 8.61 (d, 1 H, =CH-), 7~62-8.28 (m, 8 H, =CH-), 
6.85 (d, 1 H, =CH-), 4.94 (t, 1 H, -OH), 3.73 (q> 2 H, -CH,), 3.49 
(t, 2 H, -CH,--). MS: m/z (%): 356 (25%, M’“); 143 (lOO%, base peak). 
Calc’d for CiBH,,N,O,S: C, 60.69; H, 4.53; N, 7.86; found: C, 60.55; H, 
4.65; N, 7.87. 

23.2 I-~y~~~~y--2--f44_r~~y~~~~~~y~~-~~~~yl~~~~-~~~~~~~ {2) 
An ice-cooled diaxonium chloride solution, prepared from 0.32 g (l-34 
mmol) of GML, 0.45 ml (2.7 mmol) of 6 N hydrochloric acid and 0*088 g 
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(1.28 mmol) of sodium nitrite dissolved in O-5 ml of water, was added to 
a solution of 0.19 g (1.34 mmol) of 1-hydroxynaphthalene, 0.45 g (4.2 
mmol) of sodium carbonate and O-056 g (1 a4 mmol) of sodium hydroxide 
in 5.0 ml of water at 5°C. The resulting mixture was stirred for 1 h, after 
which 5.0 ml of water was added, and the mixture then acidified with 6 N 

hydrochloric acid. The red precipitate was filtered off, washed with 20 ml 
of cold water and dried at 60°C. Pure 2 was isolated by column chro- 
matography (Silica gel 60, chloroform-acetone, 5 : 3), taking the first or- 
ange fraction, and further purified by chromatography using petroleum 
ether-ethyl acetate (1 : 1, v/v) as the eluent; red crystals m.p.: 216 “C. 

‘H-NMR (DMSO): S (ppm) 8.34 (d, 1 H, =CH-), 9.97 (t, 3 H, 
=CH-), 7.55-7.78 (m, 4 H, =CH-), 7.22 (s, 2 H, =CH-), 4.94 (t, 1 
H, -OH), 3.74 (q, 2 H, -CH,-), 3.52 (t, 2 H, --CH,). MS: m/z (%): 
356 (15%, M’+); 143 (lOO%, base peak). Calc’d for C1sH16N204S: C, 
60.69; H, 4.53; N, 7.86; found: C, 60.68; H, 4.67; N, 7.76. 

2.3.3 Potassium I-hydroxy-4-[l-(2-hydroxyethylsulphonyl) 
-phenylazo]-naphthalene-2-sulphonate (3) 
A diazonium chloride solution was made in the usual way, from 5.0 g (21 
mmol) of GMl, 7.0 ml (42 mmol) of 6 N hydrochloric acid and 1.38 g 
(20 mmol) of sodium nitrite dissolved in 8 ml of water. The diazonium 
solution was added to a cooled solution of 5.4 g (20 mol) of potassium 
1-hydroxynaphthalene-2+ulphonate, 1.4 g (25 mmol) of potassium hy- 
droxide and 8.7 g (63 mmol) of potassium carbonate in 50 ml of water. 
The resulting mixture was stirred for 1 h. The precipitated dye was dis- 
solved by adding small amounts of potassium hydroxide and a saturated 
solution of potassium chloride (50 ml) was added to the dye solution, 
and the mixture then acidified with 6 N hydrochloric acid. Following this 
procedure, the dye precipitated in a form that was easily filtered off and 
it was washed with 20 ml of cold water; yield 5 g (48%). Recrystallization 
from methanol-water (2 : 1) gave purple needles, which were dried at 
60°C; m.p. c. 246°C (decomp). 

‘H-NMR (DMSO): S (ppm) 12.34 (s, 1 H, -OH, arom.), 8.97 (d, 1 H, 
=CH-), 8-l-8.4 (m, 6 H, =CH-), 7.7-7.9 (m, 3 H, =CH-), 4.93 (t, 1 
H, -OH), 3.74 (q, 2 H, -CH,), 3.52 (t, 2 H, -CH,). Calc’d for 
C18H15KN207S2 + 2.5 H,O: C, 41.61; H, 3.88; N, 5.39; found: C, 41.87; 
H, 4.06; N, 5.38. 

2.3.4 Sodium Z-hydroxy-2-[4-(2-hydroxyethylbu@honyl)-phenylazo J-naphtha- 
lene-4-sulphonate (4) 
An ice-cooled diazonium chloride solution, made from 3.2 g (13.4 mmol) 
of GMl, 4.5 ml (27 mmol) of 6 N hydrochloric acid and 0.88 g 
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(12.8 mmol) of sodium nitrite dissolved in 5 ml of water, was added to a 
solution consisting of 4.7 g (13.4 mmol) of sodium l-hydroxynaphtha- 
lene4-sulphonate (70%), 4.5 g (42 mmol) of sodium carbonate, and 0.56 
g (14 mmol) of sodium hydroxide in 20 ml of water. The resulting mix- 
ture was stirred for 1 h, 20 ml of water added, and the mixture then 
acidified with 6 N hydr~hlo~~ acid. The red precipitate was filtered off 
and washed with 20 ml of cold water; yield 4.6 g (70%). R~~st~l~tion 
from methanol-water (1 : 1) gave red crystals which were dried at 60°C; 
m.p. >3OO”C. 

‘H-NMR (DMSO): S (ppm) 8.62 (d, 1 H, =CH-), 8.34 (d, 1 H, 
=CH-), 7.98 (s, 4 H, =CH-), 7.7-7.9 (m, 3 H, =CH-), 4.96 (t, 1 H, 
---OH), 3.74 (q, 2 H, -CH,---), 3.52 (t, 2 H, --CH,). MS: m/z (%): 
356 (5%, M’+ minus -SO,Na); 64 (lOO%, base peak). Calc’d for 
C&HISNaN207S2 X 3H,O; H,O: C, 42.19; H, 4.09; N, 5-46; found: C, 
42.37; H, 3.81; N, 5.45. 

2.3.5 8-Hydroxy-5-[4- ~2-hydroxyethylsu~hony~)-phenyiazo~-~~noZ~e @)I0 
An ice-cooled diazonium chloride solution, prepared from 3.2 g (13.4 
mmol) of GMl, 4.5 ml (27 mmol) of 6 N hydrochloric acid and 0.88 g 
(12.8 mmol) of sodium nitrite dissolved in 5 ml of water, was slowly 
added to a solution of 1.85 g (12.8 mmol) of 8-hydroxyquinoline in 20 ml 
of acetic acid. The mixture was stirred for 5 h, and 20 ml of a saturated 
solution of sodium acetate then added to precipitate the dye. The crude 
dye was filtered off and washed with 20 ml of cold water, then with 20 ml 
of acetic acid, and finally with 100 ml of cold water to remove acetic 
acid; yield 4.3 g (90%). Recrystallization from water gave orange crystals, 
which were dried at 40°C; m.p. 221°C. 

‘H-NMR (DMSO): S @pm) 9.3 (d, 1 H, =CH-), 9-l (m, 1 H, 
=CH-), 8.12 (m, 5 H, =CH-), 7.82 (q, 1 H, =CH-), 7.25 (d, 1 H, 
=CH-), 4.93 (t, 1 H, -OH), 3.76 (q, 2 H, -CH,---), 3.57 (t, 2 H,- 
CHz--). MS: m/i (%): 357 (24%, M’+); 144 (lOO%, base peak). Calc’d for 
C,,H,,N,O$+H,O: C, 54.39; H, 4-56; N, 11-19; found: C, 54-64, H, 4.71; 
N, 1 l-29. 

2.3.6 Z-Hydroxy-I-[4-(2-hydroxyethyZsuZphonytf-phenylazof-naphthafe 
@I6 
This was obtained following the procedure for 4 above; m.p. 241°C 
methanol-water (1 : 1). 

‘H-NMR (DMSO): S (ppm) 844 (d, 1 H), 74-8.0 (m, 8 H), 6-76 (d, 1 
H), 4.93 (t, 1 H), 3-74 (q, 2 H, --CH,), 3-52 (t, 2 H, --CH,). MS: 
m/z (%): 356 (42%, M’+); 143 (lOO%, base peak). Calc’d for C,,H,,N,O$: 
C, 60.69; H, 4.53; N, 7.86; found: C, 60.55; H, 4-61; N, 7-78. 
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2.3.7 Sodium 2-hydroxy-l-(4-(2-hydroxyethylsu&honyl)-phenylazo j-mph- 
thalene-6-sulphonate (7) 
An ice-cooled diazonium chloride solution, made from 2.0 g (8.4 mmol) 
of GMl, 2.8 ml (16.8 mmol) of 6 N hydrochloric acid and 052 g 
(7.6 mmol) of sodium nitrite dissolved in 4 ml, of water was slowly 
added to a solution of 2.2 g (76 mmol) of sodium 2-hydroxynaph- 
thalened-sulphonate (800/b), 0.34 g (8.5 mmol) of sodium hydroxide and 
1.8 g s (17 mmol) of sodium carbonate in 40 mJ of water, The mixture 
was stirred for 1 h and acidified to give 2.8 g of crude dye (77%). Re- 
crystallization from methanol-water (2 : 1) gave orange crystals, m.p. 
>30O”C. 

IN-NMR (DMSO): S (ppm) 844 (d, 1 H, =CH-), 8.1 (m, 6 H, 
=CH-), 7.83 (d, 1 H, =CH-), 6.78 (d, 1 H, =CH-), 4-93 (t, 1 H, - 
OH), 3.74 (q, 2 H, -CH2-), 3.51 (t, 2 H, -CH,--). MS: mlz (%): 356 
(l%, M’+ without -SC&Na); 64 (1 OO%, base peak). Calc’d for 
C,8H1sNaN207Sz+H20): C, 45.38; H, 3.59; N, 5.88; found: C, 45.25; H, 
3.62; N, 584. 

2.3.8 Disodium 2-hydroxy-l-[4-(2-hydroxyethyEsulphonyE)-phenylazo]-naph- 
thalene-3,6-disulphonate (8j6 
This was obtained following the procedure described above for 7; m.p. 
>3OO”C (methano~water, 2 : 1). 

‘H-NMR (DMSO): S (ppm) 8.36 (d, 1 H, =CH-), 8.24 (s, 1 H, 
=CH-), 7.7-8.1 (m, 6 H, =CH-), 4.96 (t, 1 H, *H), 3.76 (q, 2 H, 
-CH2---), 3.53 (t, 2 H, -CHz---). Calc’d for C,~H~~Na~N~O,~S~+5 H,O: 
C, 33.23; H, 3.71; N, 4.31; found: C, 33.18; H, 3.29; N, 4.30. 

2.3.9 1 -Amino-4-[4-(2-hydroxyethylsuiphonyl) -phenylazo ]-naphthalene (9) 
An ice-cold diazonium chloride sofution, prepared from 1.6 g (6.7 mmol) 
of GMl, 2.25 ml (13.5 mmol) of 6 N hydr~~oric acid and O-44 g (64 
mmol) of sodium nitrite dissolved in 3 ml of water, was slowly added to 
a solution of 0.84 g (5.9 mmol) of I-aminonaphthalene in 40 ml of 96% 
ethanol. The mixture was stirred for 3 h and the crude dye filtered off 
and washed with 50 ml of water to yield 1-7 g (81%) of 9. The crude ma- 
terial was dissolve’d in a hot mixture of methanol-water (1 : 1) and the 
red dye precipitated by adding a saturated solution of sodium carbonate 
in water; m.p. 179°C. 

‘H-NMR (DMSO): 6 (ppm) 8.93 (d, 1 H, ==CH-), 8.26 (d, 1 H, 
=CH-), 8.02 (t, 5 H, =CH-), 7.5-7-75 (m, 2H, =CH-) 7.32 (s, 2 H, 
-NH& 6.82 (d, 1 H, =CH-), 4.93 (t, 1 H, --OH), 3.75 (q, 2 H, 
-CHz---), 3.52 (t, H, -CH,---). MS: pn/z (%I: 355 (23%, M”); 142 
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(lOO%, base peak). Cal?d for C,8H,7N303S: C, 60.83; H, 4.82; N, 11.82; 
found: C, 60.62; H, 4.77; N, 1 l-62. 

2.3. X0 Sodium I-amino-2-[4-(2-hydroxyethylsulphonyi)-phenylazo]-naph- 
t~lene-4-~~pho~te (10) 
An ice-cooled diazonium chloride solution was made in the usual way 
using 50 g (21 mmol) of GM 1, 7-O ml (42 mmol) of 6 N hydr~hloric 
acid and 1.38 g (20 mmol) of sodium nitrite dissolved in 8 ml of water. 
The diazonium chloride solution was added to a cooled solution consist- 
ing of 5.8 g (21 mmol) of 1-aminonaphthalene-4-sulphonate and 6.0 g 
(73 mmol) of sodium acetate in 100 ml of water. After stirring for 1 h, 
the dye was precipitated with 6 N hydrochloric acid, filtered off and 
washed with 20 ml of cold water. Yield 8.7 g (93%). Recrystallization 
from water gave purple crystals, m.p. c. 235°C (decomp.). 

‘H-NMR (DMSO): S (ppm) 8.77 (d, 1 H, =CH-), 8-52 (d, 1 H, 
=CH-), W-8*3 (m, 5 H, =CH-), 7.5-7.7 (m, 2 H, =CH-), 4-93 (t, 1 
II, ---OH), 3-74 (q, 2 H, -KHZ-), 3.52 (t, 2 H, -CH,). MS: m/z(%): 
355 (26%, M’+ without -SO,Na); 143 (lOO%, base peak). Calc’d for 
C18H,,NaN,0,S, + l/2 H,O: C, 46.35; H, 3.68; N, 9.01; found: C,46.86; 
H, 4.24; N, 9.13. 

2.3.1 I 4-NJ!-Dimethylamino-4 ‘- (2-hydroxyethylsulphonyl) azobenzene 
(11) 
2 g (8.4 mmol) of GM1 and 2.8 ml (16.8 mol) of 6 N hydr~hlori~ acid 
were cooled below 5°C in an ice bath. To the mixture was slowly added 
0.55 g (8 mmol) of sodium nitrite in 3 ml of water. The solution was then 
added to a stirred ice-cold solution of 1.0 g (8.4 mmol) of NJ-dimethyl- 
aniline in 8.4 ml (8.4 mmol) of 1 N hydrochloric acid. After stirring for 1 
h, a saturated aqueous solution of sodium acetate was added to precipi- 
tate the dye. The crude dye was filtered off and washed with 20 ml of 
cold water and dried at 60°C to yield l-9 g (68%). Recrystallization from 
methanol~thyl acetate (1 : 1) gave red needles, m-p, 170°C. 

‘f-f-NMR (DMSO): delta (ppm) 7&8-l (m, 6 H, =CH-); 6-88 (d, 2 
H, =CH-), 4.92 (t, 1 H, -OH); 3.74 (q, 2 H, -CH,); 3.52 (t, 2 H, 
-CH,); 3.13 (s, 6 H, ---CH,). MS: m/z (o/o): 333 (30%, M’+); 120 
(lOO%, base peak). Calc’d for C,6H,9N303S: C, 57.64; H, 5.74; N, 12.60; 
found: C, 57.39; H, 564; N, 12.43. 

2.4 General protocol for dye immobilization on celhlose 

The method of ~mobil~ation of ~nylsulphonyl dyes has been de- 
scribed.“~i2 In essence, the 2-hydroxye~ylsulphonyl group of the dye is 
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activated by treatment with sulphuric acid to give the ester of general 
formula (dye-S02--CH,-CH~-O-S03H), which, after reaction with 
sodium carbonate, forms the vinylsulphonyl derivative ,(dye--SO*- 
CH=CH,). In strongly alkaline solution, the vinylsulphonyl group reacts 
with cellulose (Cell-OH) to give the dye/cellulose conjugate (dye-SO,- 
CH2-CH,-O-Cell). 

2.5 Spectroscopic measurements 

Absorption spectra of dyes were obtained as follows: 100 pm01 solutions 
in water (or in methanol if the dye was only slightly water-soluble) were 
diluted to 10 pM solutions by the addition of buffer solutions of different 
pH. Absorption spectra of the membranes were obtained by fixing the 
membranes in cuvettes and adding the bulfer solutions. 

The pK, determinations were performed by measuring the pHdepen- 
dent absorption of the dye at a fixed wavelength chosen such that the 
difference in the absorption of acid and conjugate base form was 
maximal. Plots of absorbance versus pH give a sigmoidal curve and the 
pH of the turning point is the pK,. The pK, values were calculated via 
the following equation: 

pK, = pH + log (A, - A,)/(&, - A,) 

where A,, Ab and A, are the absorbances of the (immobilized) dye at a 
defined pH near the pK, the base form and the acid form, respectively. 

3 RESULTS AND DISCUSSION 

3.1 Synthetic strategy 

It appeared desirable to synthesize a variety of dyes via a single synthon, 
which, in combination with various coupling components, is capable of 
forming a large variety of different dyes possessing different properties. 
We considered 4-(2-hydroxyethylsulphonyl)anilinium chloride (GM 1) to 
be a good candidate. The phenyl group of GM1 is substituted by one 
amino group (later to be converted into a diazonium salt) and a 2-hy- 
droxyethylsulphonyl group in the para position. The latter is the reactive 
part which, after being converted into a vinylic group, can add to amino, 
hydroxy and thiol groups of a solid support, thereby enabling covalent 
immobilization. 

The synthesis of GM1 imposes no problems: starting from acetanilide 
via 4-acetylaminophenyl sulphonyl chloride,7 4-acetylaminophenyl sul- 
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- 

ClCH,CH,OH 
SO,H k SO,CH,CH,OH 

HCI 
- HCIUH,~SO*-CH,-CH2-OH 

GM1 

phinic acid,’ 4-acctylaminophenyl-(Z-hydroxyethyl)-sulphone~ the 4-(2- 
hydroxyethylsulphonyl)-anihnium chloride GM l* was obtained in fair 
yield (Scheme 1). 

In the next step, GM1 was diazotized and reacted with various substi- 
tuted l-hydroxynaphthalenes, 2_hydroxynaphthalenes, l-aminonaph- 
thalenes and N,N-dimethylaniline to give 11 reactive azo dyes whose 
structures are presented in Fig. 1. 

3.2 Separation of dye isomers 

Unfortunately, positional isomers are formed when GM1 is coupled with 
I-hydroxynaphthalenes or I-aminonaphthalenes which are unsubstituted 
in the 2- or 4-positions. 1-Hydroxynaphthalene is a typical example of 
this, i.e. with respect to the synthesis and purification of each isomeric 
dye in pure form and its structural identification. when the synthesis was 
performed according to the usual procedure,‘3J4 i.e. dissolving l-hydroxy- 
naphthalene by addition of sodium hydroxide and using sufficient 
sodium hydroxide to keep the solution alkaline during the di~ot~tion, 
all possible isomers were formed (1, 2 and the bis-azo dye). The bis-azo 
dye was formed in traces only, and therefore not isolated. The para-azo 
dye 1 and the ortho-azo dye 2 were isolated by column chromatography 
and characterized by mass spectra, elemental analysis and ‘H-NMR. 
Both isomers were also identified by colour change and pK, values. Indi- 
cator 2 exists in a more planar conformation because of intramolecular 
hydrogen bonding. Therefore, it changes its colour from purple-red to 
orange on acidification (similar to 4), while 1 changes from purple to 
yellow (similar to 3). Furthermore, the intramol~ular hydrogen bond is 
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SO,Na 

SO,Na 

10 

Fig. 1. Structures of reactive azo dyes l-11. 
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the reason why 2 shows a pE;, of 9.05 a value which is distinctly higher 
than that of 1 (8.32). 

Column chromatography was used to separate the compounds, but 
yields were not satisfactory and the procedure was tedious. Therefore, an 
attempt was made to obtain pure isomers by modification of the synthe- 
sis. It was found that by increasing the pH, more his-azo and or&o-azo 
dye were formed. However, there was always a mixture of all three iso- 
mers. Therefore, diazotation of 1-hydroxynaphthalene was performed in 
acetic acid. In this case, the product was almost pure para-azo dye (1) 
which could be purified by repeated recrystallization. When 8-hydroxy- 
quinoline was diazotized in acetic acid with GMl, para coupling was ex- 
clusively, observed (dye 5). The other couplings were performed using 
1-hydroxynaphthalenes, which only allowed one possible isomer to be 
formed. Thus, potassium 1-hydroxynaphthale~e-2-sulphonate gave 3, 
and sodium 1 -hydrox~apthalene-4-s~phonate gave 4. 

In case of all 2_hydroxynaphthalenes, coupling occurs only in the l-po- 
sition (6, 7, 8), and hence there are no problems with respect to isomers 
and their separation. 

With 1-aminonaphthalene, coupling was performed in ethanol to give 
the pure para-azo compound (9). Similarly, 1 -aminonaphthalene-4- 
sulphonate and N,N-dimethylaniline gave only one product: dye 10 was 
exclusively obtained from 1 -aminonaphthalene-4-sulphonate, and 11 
from ~,~-dimethylaniline. 

3.3 Covalent ~mob~~zation 

The reactive 2-hydroxyethyl sulphonyl group of the dyes can be activated 
by esterification with concentrated sulphuric acid, followed by elimina- 
tion of the sulphate with alkali to give the vinylsulphonyl group, which is 
covalently linked (in situ) to the hydroxy groups of the cellulose (Scheme 
2). We used a new type of transparent membranes for dye immobiliza- 
tion, consisting of a 10 pm layer of cellulose acetate on an optically 
transparent polyester support (100 m). The cellulose acetate is con- 
verted into free cellulose under the experimental conditions of the dye 
immobilization,“,12 

Cellulose has a proton-permeability much higher than that of other 
polymers such as PVC, polyesters and even hydrogels. Cellulose is highly 
hydrophilic and, therefore, the membrane exhibits fast response during 
pH monitoring. The high homogeneity of the manufactured membranes” 
allows production of membranes with very reproducible properties. The 
membrane preparation does not require any toxic solvents (such as 
chloroform or tet~hydrofuran) to be used. 
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TABLE 1 
Absorption Maxima (in nm), Molar Absorbances (E), and p& Values of Dissolved 

(l-11) and Membrane-immobilized Dyes (Ml-MU) at 21’C 

Dye/membrane 4na.x (w 

Base form Acidic form 

6 litre (mol cm) 
base/acid 

PK 

1 541 466 38 7OOl36 700 8.32 
2 528 497 23 300/17 400 9.05 
3 527 479 34 600136 800 7.14 
4 507 488 25 600127 500 766 
5 519 463 38 700/20 500 7.54 
6 478 481 15 300/21 900 11.26 
7 466 476 14 400/25 000 10.18 
8 480 483 17 700129 000 10.38 
9 497 512 22 400144 700 4.57 

10 482 524 16 000/26 400 -1.0 
11 481 500 32 300136 800 3.18 

Ml 553 460 9-37 
M2 535 501 9.26 
M3 541 473 7.55 
M4 517 491 7.83 
M5 518 455 7.34 
M6 476 487 11.28 
M7 474 479 10.68 
MS 481 488 1064 
M9 507 509 3.68 

Ml0 492 518 -05 
Ml1 486 503 2.24 

Table 1 summarizes the absorption maxima of the dyes in their acidic 
and conjugate base forms, the molar absorbances, and the pK, values of 
both the dissolved and the cellulose-immobilized dyes. The data show 
that the series of dyes presented in this work is suitable for sensing pH 
over a wide range, but it should be kept in mind that the dynamic range 
of a single dye (i.e. the pH range over which a measurable colour change 
occurs) does not exceed around 3 pH units. 

3.4 Structure-colour relationship of phenols l-8 

The phenol PC forms of dyes l-8 are usually yellow or orange, and the 
deprotonated forms red or purple. A change from the conjugate acid to 
the base form of para azo dyes (1,3,5) results in a significant colour 
change from yellow to purple. There is little overlap in the absorption 
spectra (Fig. 2). 
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Dyes derived from 2-hydroxynaphthalene (6,7,8) do not display such 
an intense colour change because of their different structure (Fig. 3). A 
quinoidic form, comparable to dyes made from I-hydroxynaphthalene, is 
not possible. In addition, the smaller colour change from acid to base 
form may be attributed to the hydrogen bond between the proton of the 
hydroxy group and the nitrogen of the azo group. Dyes being fixed to a 
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wavelengh/nm 
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Fig. 2. Absorption spectra of dissolved and immobilized 3 in the acid and conjugate 
base forms, respectively, showing the conjugate base to be the one with the longest wave- 
length absorption: A, membrane M3 in acidic form; B, membrane M3 in conjugate base 

form; C, dye 3 in acidic form; D, dye 3 in base form. 

0.00 3 

370 510 660 

wave~~nm 

Fig. 3. Absorption spectra of dissolved and ~mobi~~ 7 in the acid and conjugate 
base form, respectively: A, membrane M7 in acidic form; B, membrane M7 in conjugate 

base form; C, dye 7 in acidic form; D dye 7 in base form. 
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more planar structure (in the protonated form) via hydrogen bonds 
(2,4,6,7,8,10) show absorptions that are shifted to longer wavelength. 
Therefore, the colour change is from orange to purple-red. 

3.5 Structure-eolour reI~tions~p of amines 9-11 

Dyes 9-11 show an entirely different behaviour in that the absorption 
maxima of the amine (base) form are at shorter wavelengths than those 
of the protonated (cationic) form, a fact that is in agreement with exist- 
ing models of structure-colour relationships and has not been studied in 
greater detail. 

3.6 Effect of structm-e on p&, values 

Intramolecular hydrogen bonds exert a significant influence on plu, val- 
ues. The presence of nitrogen atoms or&o to a hydroxy group prevents 
deprotonation (diss~iation). Therefore, the p& is higher by around O-6 
unit, as can be seen by comparing dye 1 (pK, 8.32) with 2 (p& 9.05), and 
3 (pK, 7.14) with 4 (pK, 7.66). Aside from hydrogen bonds, the different 
electronic structures of dyes derived from 1-hydroxynaphthalene and 2- 
hydroxynaphthalene causes the pK, to increase by around 2.2 units: 2 
has a p& of 9.05 whereas 6 has a p& of 1 l-26. 

Predictably, a sulpho group lowers the pk’, and this can be seen when 
comparing dyes 1 and 3, or 6 and 7. In both cases, the p& decreases by 
one unit. In contrast, dye 7 (possessing one suipho group only) and dye 
8 (two sulpho groups) do not show significant differences in their plcr”, 
values. 

3.7 Quantum chemical calculations 

The pk’, values of 1 and 2 are quite similar (8.32 and 9.05, respectively) 
whereas that of 6 is considerably higher (11.26). This is surprising, because 
the similarity in the structures of 2 and 6 suggests similar p& values 
(Fig. 4). In order to elucidate this observation, deprotonation energies of 
model compounds l*, 2* and 3* were calculated. In contrast to the re- 
spective dyes (1, 2 and 6), they lack the 2-hydroxyethylsulphonyl group. 
This is acceptable because such groups are known not to significantly 
affect the pK, Hence, calculations were greatly simplified. Figure 4 gives 
the structures of model dyes l*, 2*, 6* and the respective anions (l-, 2-, 
3-). AM1 cal~ulations15 were conducted using the MOPAC6 programI 
on a STARDENT Titan 3040 computer. The structures were optimized 
in a planar arrangement of the nuclei (C, symmetry). Different conform- 
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Fig. 4. Model structures l*, 2* and 6* (derived from 1, 2 and 6, but without the 2- 
hydroxyethylsulphonyl groups) and their conjugated bases (anions) l-, 2- and 3-, 

respectively. 

TABLE 2 
Calculated Heats of Formation (AH, in kcal/mol), Deprotonation Energies 
(Al?,, in kcal/mol) of Model Dyes l*, 3* and 6*, and of Respective Anions,” 

and pK, Values of Dyes 1, 2 and 6 

Dye AH, 

1* 78.8 
2* 77.8 
6* 79.4 
1- 37.7 
2- 38.7 
6- 44.3 

4 PK 

272.6 1 8.32 
274.6 2 9.05 
278.6 6 11.26 

a Model structures of 1, 2 and 6, but without the 2-hydroxyethylsulphonyl 
substituent, are named l*, 2* and 6*. 
l-, 2- and 3 are the respective deprotonated forms (for structures, see Fig. 4). 
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ers, characterized by dihedral angles such as N=N-C(2)=C(I) and H- 
O---C(l)=C(2) in 2*, have been examined for each species. The resulting 
most stable structures are depicted in Fig. 4. Compounds 2* and 6* indi- 
cate mtramolecular OH...N hydrogen bonding. Their bond strength was 
calculated to be 3 kcallmol. The calculated deprotonation energies are 
listed in Table 2. 

The si~cant difference in the deprotonation energies of 2* and 6* 
can be explained as follows: deprotonation of 2* causes a change in the 
dihedral angle N=N-C(2)=C(l) from 0 to 180” in degrees in order to 
relieve repulsive N...O- interaction in 2-. A corresponding rearrangement 
in 6- is not effective due to steric hindrance by H--C(8). Thus, the com- 
parably high value of the heat of formation of 6- is considered to be the 
main reason for the exceptionally high deprotonation energy of 6*. 

4 CONCLUSION 

Dyes prepared from synthon GM 1 and I-hydroxynaphthalene (or its 
derivatives) are considered to display the best optical properties for ap 
plication in pH sensing. They show large changes in the absorption spec- 
tra in changing the pH and are compatible with green LEDs. In later 
work, we will show that cellulose membranes coloured with such dyes are 
most suitable for precise optical fibre pH sensing. 

ACKNOWLEDGEMENTS 

This work was financially supported by the Austrian ‘Fonds zur 
Flilrderung der wissenschaftlichen Forschung’ within project S5701-TEC. 
We would like to thank Dr H. J. Leis (Universitiits-Kinderklinik Graz, 
Abteilung GC-MS) for running the mass spectra and the help in their in- 
terpretation. 

REFERENCES 

1. Wolfbeis, 0. S. (ed.), Fiber Optic Chemical Sensors and Biosensors, CRC 
Press, Boca Raton, FL, 1991, Vol 1, pp. 359-84. 

2. Edmonds, T. E., Flatters, N. J., Jones, C. F. & Miller, J. N., Talanta, 35 
(1988) 103. 

3. Janata, J., Anal. Chem., 59 (1987) 135 1. 
4. Zollinger, H., Angew. Chem., 73 (1961) 125. 
5. Heyna, J. Angw. Chem., 74 (1962) 966-9. 



240 G. J, Mohr, T. Werner, 0. S. Wo~fMs, R Janoschek 

6. Jiang, W., Zhu, Z. & Chen, K., Dyes and Pigments, 10 (1989) 217-37. 
7. Smiles, S. & Stewart, J., Org. Synth., Collective 1 (1942) 7-9. 
8. Baker, B. R., & Querry, M. V., J. Am. Chem. SOL, 38 (1949) 413-24. 
9. Heyna, J., & Schumacher, W., US Pat. 2657,205 (1953); Chem. Abstr. 48 

(1954) 3,037i. 
IO. Burba, P., Lieser & K. H., Angew ~~romu~. Chem., 50 (1976) 151-6 1. 
11. Werner, T. & Wol~eis, 0. S., Freseni~’ J. Anal. Chem., 346 (1993) 564-8. 
12. Holobar, A., Weigh B. Ii., Trettnak, W., Benes, R., Lehmann, H., 

Rodriguez, N. V., Wollschlager, A., O‘Leary, P., Raspor, P. & Wolfbeis, 0. S., 
Sensors & Actuators, Fart i3, Bll (1993) 425-30. 

13. Cattermann, L. & Wieland, T., Die Praxis des organischen Chemikers, de 
Gruyter, Berlin, New York, 1982, p. 605. 

14. Fieser, L. F., Org. Synth., Collective 2 (1943) 39. 
15. Dewar, M. J. S., Zoebisch, E. F., Healy, E. F. & Stewart, J. J. P., J. Am. 

Chem. Sot., 107 (1985) 3902. 
16. Stewart, J. J. P. & Seiler, F. J., Res. Lab. US Air Force Academy, Colorado 

Springs CO 80840, 1990. 


