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Abstract—The attachment of two aniline-based chromophores, Disperse Black 3 and Pararosaniline, to beaded controlled pore glass
(CPG) and their testing as fibre optic based pH sensors is described. Synthetic methods for their attachment at specified loadings to
CPG were developed. The Disperse Black 3 sensor displayed a rapid response time and a dynamic range between pH 1.0 and 2.5,
while the Pararosaniline-bearing sensor gave an extremely slow response time but a large sensing range from pH 1 to 11.

© 2005 Elsevier Ltd. All rights reserved.

The development of solid-state spectrometric pH sen-
sors is the subject of intense investigation in many labo-
ratories.!™ In the case of UV-vis sensors, organic
indicator dyes supported on an insoluble macromolecu-
lar matrix interfaced to a UV-vis spectrometer to allow
colorimetric changes with pH to be determined. As
many indicators are aniline derivatives the development
of procedures that allow the covalent attachment of
these moieties at specified loadings would be useful.
Here, the attachment of Disperse Black 3 1 and Pararos-
aniline base 2 to macroporous controlled pore glass
(CPG) beads is described, allowing their integration into
a sensor assembly® and their UV-vis spectrometric
responses with pH changes to be investigated. The
azo-dye 1 was compared to the structurally related
para-Methyl Red,® while the triphenylmethane dye 2 dis-
played two colorimetric changes over the pH range (at
pH 1-3 and 11-14)° and offered the opportunity to ex-
tend the dynamic range of dye-based sensors, hitherto
a major limitation of these sensors, which usually oper-
ate only within £2 units of the pK; of the dyes used.’
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For the synthesis of the CPG-supported indicators,
(Scheme 1) aminopropyl-CPG conjugated to two 6-
aminohexanoic acid spacers® 3 was coupled with a mix-
ture of N-Fmoc- and Cbz-protected glycine at various
ratios to achieve a series of CPG beads with specified
loadings (Table 1). Selective Fmoc deprotection and
coupling with adipoyl dichloride followed by quenching
of the supported acyl chloride (to avoid intrasite cyclisa-
tion or crosslinking) provided the carboxy-functional-
ised beads. These were coupled to the dyes using
PyBOP since this reagent would not undergo guanidine
formation® with the excess aniline used. Other attach-
ment methods for anilines such as 2.4,6-trichlorotri-
azine”!? or isocyanates'' proved unsuccessful for 2.

After coupling, the dyes continued to respond to pH
variations (Fig. 1). For 4, a single transition was ob-
served as expected while with 5, three transitions were
seen, with decolourisation occurring at the extremes of
the pH range.

Under a microscope, a single ‘sensor bead’ of appropri-
ate size was inserted in the sensor assembly> between the
ends of the optical fibre and the UV-vis spectra, pH pro-
file and response times were examined in a 1 M HCI/
NaOH system. In both cases, beads with a loading of
5 umol/g were found to be sufficient for sensing pur-
poses. For 4, the absorbance at A.,,x (546 nm), corre-
sponding to the protonated indicator, was plotted
against pH and the best-fit sigmoid curve gave a pKk;
of 1.71 (Figs. 2 and 3), similar to that of the para-Methyl
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Scheme 1. Attachment of indicators to CPG. Reagents and conditions: (a)
DMF, 30 min; (c) adipoyl dichloride, DIPEA, DCM, N, 3 h; then 50% v/v

Table 1. Loading of CPG after Cbz- and Fmoc-Gly-OH co-acylation®

Molar ratio of
Cbz-:Fmoc-Gly-OH

Fmoc loading post reaction

pmol/g % relative to control
99:1 0.7 0.9
97:3 2.8 3.7
94:6 5.1 6.8
90:10 16 21
75:25 25 33
50:50 56 75
0:100 (Control) 75 100

%10 mol equiv of acid mixture relative to CPG loading.
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Figure 1. Visually observed colour change for beads in aqueous buffer.

Red sensor, which had a ,,x of ~540 nm and a pK; of
2.07° and to a solution of 1, which had a pK; of ~1.78.12

For Pararosaniline, the single peak in the spectra of 2 in
aqueous solution,® was resolved into two peaks for the
supported dye 5 (Fig. 4) and could be related to
the microenvironment around the dye!’ afforded by
the glass support.
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Fmoc/Cbz-Gly-OH, DIC, HOBt, DMF, 4 h; (b) 20% v/v piperidine,
H,O, THF; (d) 1 or 2, PyBOP, DIPEA, NMP, 16 h.
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Figure 2. UV-vis absorbance spectra of 4.

Plots of absorbance intensities of the two major peaks
in the UV-vis spectra (460 and 581 nm) and the depres-
sion between the peaks (512 nm) did not indicate any
obvious pK; transition points (Fig. 5). Nevertheless,
the sensor had a large response range from pH 1 to 11
although there was a completely unresponsive region
between pH 7 and 8 while at both extremes of the
pH range the absorbance dropped as the dye became
de- colourised presumably due to the addition of the
counter ion to the chromophore® (5a and 5d, Scheme 2).

The response time of sensor 4 around its pK; was com-
parable to that of the previously cited CPG-based sen-
sors,’ with a fosy, of 8.7 s and a k of 0.348 s' (Fig. 6).
The response speed measurements of 5 were more
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Figure 3. UV-vis absorbance against pH for supported Disperse Black
3, 4.
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Figure 4. UV-vis absorbance spectra of 5.

complicated due to the lack of obvious transition points.
Initial measurements covering a large part of the dy-
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Figure 5. UV-vis absorbance against pH of supported Pararosaniline,
5.

namic range did not give the classical exponential curve,
the initial part of the plot was somewhat uneven fol-
lowed by an apparently well defined curve (Fig. 7).
The overall #95,, was ~2870 s and a best-fit exponential
curve of this latter stage provided a k value of
3.47x 1077 s~!. The initial phase could be attributed
mainly to formation of the cation to give Sb, while the
second phase was the protonation of the second N-ani-
line to give 5c. The conversion from Sb to Sc¢ was exam-
ined in more detail and unexPectedly, gave a tos, of
~7560 s and a k of 6.50 x 10~*s™', significantly slower
than the response over the whole range (Fig. 8). In either
case, the response rates for sensor 5 were much slower
than the other CPG- or sol-gel glass-based sensors.

Overall, the attachment of two aniline-functionalised
chromophores to CPG and their subsequent testing as
pH sensors is described. Synthetic methods for their
attachment at specified loadings were developed, in
particular for Pararosaniline. The assessment of the
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Scheme 2. Tonisation pattern of sensor 5 in an HCI/NaOH aq system.
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Figure 6. Graph of UV-vis absorbance against time for sensor 4
changing from pH 3.0 to 1.0.
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Figure 7. Graph of UV-vis absorbance against time for sensor 5
changing from pH 10.5 to 2.0.

0.24
0.22
0.20
o 0.18-
o |
C
g 0.16
5 1 = Absorbance
2 0.14+ at 581 nm
< ] R’= 0.992
0.12 4
| k=6.50+0.0410"'s
0.10
0.08- pH 6.2
0 5000 10000 15000 20000 25000

Time /s

Figure 8. Graph of UV-vis absorbance against time for sensor 5
changing from pH 6.2 to 3.5.

sensors demonstrated that supported Disperse Black 3
gave a similar performance to para-Methyl Red in terms
of response time and dynamic range. On the other hand,
the Pararosaniline-bearing sensor gave extremely slow
response times but a broad sensing range. In this case
a pH value could be measured by using several wave-
lengths to improve accuracy.

The relationships between the structure, UV-vis spectra
and pK; have been well studied for both triaryl-
methane!3~!> and azo dyes'®!” and allows the potential
tuning of these sensors’ structures to achieve the desired
colour and dynamic sensing range. This tied in with new
strategies for the synthesis of diverse ranges of dyes'®
opens up the door on the next generation of broad range
pH sensors with rapid response times.

Supplementary data

Full procedures for the synthesis of sensors 4 and 5 and
sensor analysis. Supplementary data associated with this
article can be found, in the online version at doi:10.
1016/].tetlet.2005.06.081.
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