Quantitative Colorimetric analysis of dye mixturesusing an optical photometer
Based on LED array
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Summary

A disco photometer which was an optical sensing array based on multiple LEDs was
constructed for colorimetric analysis. This approach has been used to analyse single dyes
and dye mixtures containing up to three dye components. This technique made use of the
inherent well-defined LED emission band to provide selectivity for chromophors, which
have equally well-defined absorbance band to give very good analytical data. The results
showed that this LED array configuration could be used to reduce the complexity of data
obtained from the mixtures and a so improve the quality of the output.
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Introduction

In the area of chemical sensing it has aways been a big challenge to analyse complex
mixtures containing multiple components, which gives cross-sensitivities that interfere
with the sensor performance. An ideal solution to this problem is to find sensors with
very high selectivity, e.g. enzyme like specificity, to provide good analytical information
from samples containing complex mixtures. Unfortunately, in general, a chemical sensor
or even areagent based sensing scheme can only achieve partial selectivity. To
circumvent this problem, multiple sensors have been used to form sensor arrays that
would provide a multi-dimensiona information to describe the chemical signature of
analytes. This information would be included into a reference library for the quantitative/
gualitative determination of unknown samples. This multivariate approach is generally
combined with a certain statistical method, normally a data reduction technique based on
either linear or nonlinear algorithms, such as principal component analysis [1] and
neural networks [2,3], to smplify and improve the quality of the output. These
approaches have been used successfully in chemical analysis and research efforts have
continuously been made to improve the accuracy and reliability of the output. [4-6]

Chemical analysis using array sensing approach mainly includes electrochemical [7-9],
mass [10,10] and optical sensors[12-18]. In the electrochemical sensing category alarge
proportion of the work has been in the area of gas sensing that is based on
conductometric techniques. Sensors fabricated from inherently conducting polymers such



as polypyrrole and polyanlinine [19]; polymer composites prepared from blending a
conducting element such as carbon powder with a non-conducting polymeric binder [20]
and semiconductors such as Tin oxide [21-24] have been extensively studied. Mass
sensors are generally based on quartz crystals fabricated in a specific way so that they
oscillate under applied voltage. The crystal is then coated with a sorbent material. The
mass increase due to analyte being absorbed on the coating causes a frequency shift in the
oscillator. Optical sensing using multivariate approach includes the use of fibre optics, [3-
5] and chemochromic dyes [13,15]. Recent approaches include combining different
sensors such as optical and capacitive in an array in an attempt to improve the reliability
of the data [25,26]. These techniques normally provide qualitative rather than quantitative
information, usually resulted in classification of chemicals.

Recently we have developed a smple optical sersor platform that used LEDs as both the
light source and light detector. To function as alight sensor the LED is reverse biased at a
specific voltage to generate photocurrent upon incident light. This photocurrent then
discharges the LED at a rate that is proportional to the intensity of light reaching the
detector. A simple threshold detection/timer circuit is used to indirectly measure the
photocurrent at the detector LED to give digital output. [27] This LED emitter-light
sensor combination is very versatile and can be configured to measure absorbance or
reflectance and has been successfully used for colour measurements, and for monitoring
colorimetric reactions and for metal detection. [28, 29]

This paper present the work on chemical sensing using a Disco photometer fabricated
from LEDs. A series of LEDs with different emission bands were used as light sources,
and a low band gap IR LED was used as a universd light detector. LED array was used
as light source because they offer flexibility in emission wavelength from UV to IR range
with variable spectral widths (emission band widths). An important criterion in
constructing a sensing array is to achieve optimal selectivity. In this design we envisage
to use the well-defined emission band of the light source, in this case the LEDs, to
provide selectivity for the sensor array that measures absorbance or reflectance. The
degree of overlapping between the absorption bands of the analytes and the emission
band of the light source therefore determines selectivity of the sensing array. This simple
concept makes use of the fact that the two parameters are both constant and well defined
therefore the discrimination power of the array for target analytes can be tuned by
selecting appropriate LED light sources to enhance selectivity. This approach does not
rely on chemical selectivity of reagents such as chromophore receptors or fluorescent
probes, which may become unstable overtime. An array of LEDs that covered a broad
gpectral range from UV to IR region was selected to demonstrate this flexible
multivariate approach for quantitative analysis.



Experimental

Disco photometer

Super bright Infrared, Red, orange, yellow, green, blue and UV LEDs were purchased
from Kingbright, USA. The characteristics of the LEDs are shown in Table 1 and Figure
2. The electronic circuitry used in this disco photometer has been described el sewhere
[27]. The LEDs were arranged such that the emitter LEDs were encircling a centre
detector LED protected by a black heat shrink to exclude the light coming in from the
side as shown in Figure 1a. The emitter LEDs were inclined towards the centre so that all
light beams merged at a spot approximately 1cm in diameter and 2cm from edge of the
detector LED (Figure 1b).

Optical Cell

Anoptical cell was made up from a commercia black film canister (d=3cm , h=5cm) as
shown in Figure 1b. A hole was cut on the top cover of the canister onto which the Disco
photometer was secured using epoxy glue. To promote light reflection a white
polypropylene sheet cut to size to fit the bottom of the canister was fixed in with epoxy
glue. The distance from the tip of the LEDs to the bottom of the optical cell was 2cm
where optimum reflection was obtained.

Dye solution M easur ement
Methyl Red (MR), Bromocresol purple (BCP) and Aniline Blue (AB) were obtained from
Aldrich, Dublin.

Three dye stock solutions, 0.05mM BCP, 0.05mM MR and 0.01mM AB were made up in
0.1M HCI. Mixing the dye stock solutions in various proportions made up multiple
component samples that contained a mixture of dyes.

A fixed amount of 5ml solution was used for all measurements. For single component
measurements, various dilutions were made up by mixing a predefined amount of the
stock solution with 0.1M HCI to make up afina total volume of 5ml. For multiple
component analysis, various ratios of stock solutions were used to make up afinal
volume of 5ml. One exception was that of the 1:1:1 mixture of the three dyes which was
made up by mixing 1ml of each stock solution and made up to 5ml with 0.1M HCI.

A 5 ml sample of each solution to be investigated were pipetted into the optical cell and
the top cover that was fitted with the disco photometer was then replaced. Three repeats
of each sample were measured with data collection time set to 60s. The 7 emitter LEDs
were configured to light up alternatively at afixed rate of 1 pulse per second, and with
the pulse width set at 100ms. The emitted light traveled through the sample from the LED
down to the bottom of the cell modified with the white polypropylene sheet and then
reflected back into the detector LED situated at the centre of the Disco photometer. The
discharge time recorded by the detector LED was then transferred via RS232 port to the
PC viathe Hypertermina software. The data was captured and saved as text files to be
further analysed using MS Excel™. The sampling rate of the Discophotometer was
approximately 8 data point per second from which the microprocessor produced a
16point average as the final output.



Results and Discussion
Data processing and selectivity

The photometer was configured to measure reflectance from a surface whereby the
emitted light from the LEDs passed through the solution under investigation before
reflected back from a white surface on the bottom of the cell to the detector. This
approach is similar to a method that used an LED light source and an LDR (light
dependence resistor) as the light detector for the detection of a metal ion [30]. Here, this
optical device measures the time the reflected light discharges the detector LED. Taking
the white reflected surface with the blank solution as reference to give the theoretical
ideal reflectance, the discharge time measured is related to reflectance R by:

R- = eq. 1

Where tg is the discharge time measured for blank solution and t is the discharge
measured for samples.

In order to simplify the data interpretation, the absorbance (inverse of the reflectance) of
the light passing through sample was used. Hence the raw data were process according to
equation 2 to obtain the percentage relative absorbance values.

100 X (tsample - thlank)

% Relative Absorbance = eq. 2
tblank

Where lsampie and tyank is the discharge time measured for the sample and for the blank
solution respectively. Therefore the final data output was the percentage relative
absorbance with reference to the blank. Since weaker light intensity results in greater
discharge time, therefore the values (tsample — thiank) @€ 0. In this context, the
expression shows that higher dye concentration results in more light being absorbed and
leads to greater discharge time. When tgaypie >> thiank it may result in values greater than
100%.

This Disco photometer used an IR sensor LED as a universal light detector which does
not provide any selectivity. Therefore the selectivity of this optical device relied solely on
the degree of overlapping between the emission band of the LED light sources and the
absorption band of the analyte species (i.e. the dyes). A selection of three dyes, namely,
Methyl Red (MR), Bromocresol Purple (BCP) and Aniline Blue (AB), with overlapping
absorption area between MR and BCP and between MR and AB as shown in Figure 2
were used to characterise the photometer. The anticipated selectivity of the system under



study can thus be deduced from the emission spectra of the LEDs used in the photometer
together with the absorption spectra of the dyes, which are also shown in Figure 2.

Single component samples

The initial investigation was to calibrate three sets of solutions each containing various
concentrations of a specific dye. To ssimplify the analysis these dyes were made up in
0.1M HCI to ensure only the acid form existed. Figure 3, calibration plots a-c were
obtained from plotting the relative absorbance of the dye solutions obtained with equation
2 against their corresponding concentrations. Unfortunately, the LED #6 (with emission

| max at 565nm), which was supposed to be more sensitive to MR, did not behave a all
due to an error during fabrication the angle of reflection was off-centred therefore the
data was not useful at all. However, this draw back did not affect the overall performance
of this array as the dye till absorbed sufficiently from LED#7. Actually, excluding
LED#6, the emission of which would be absorbed by all three dyes, greatly smplifies the
analysis of mixtures as will be shown later.

It can be seen that for the sample set containing MR solutions, only the light emitted
from the LED #7 (with emission | max at 465nm) was sufficiently absorbed. Similarly,
strong absorptions from LEDs #7 and #8 emissions (I max at 400nm and 465nm) for BCP
samples, and absorptions from LEDs #3, #4 and #5 (I max at 660nm, 630nm and 590nm)
for AB samples respectively were observed. It was also observed that the responses of
LED#8 in Figure 3b and LED#4 in Figure 3c deviated from linearity at higher dye
concentrations, which was probably due to saturation at higher dye concentrations

The linear calibration plots shown in Figure 3 also inferred that quantitative information
could be obtained by using data from individual LEDs. For example, alinear range
between ca. 0-50mM with R? = 0.999 and an LOD of 3.3nM calculated using 3x standard
deviation of the baseline for MR dye based on LED#7 (Fig. 3a) were observed. Similarly,
alinear range of ca. 0-30mM with a calculated LOD value of 0.70nmM for BCP based on
LED #8 (Fig.3b); and alinear range between 0- 10mM with an LOD of 0.10mM for AB
based on LED #3 (Fig.3c) respectively were observed. The differences between the LOD
values reflected the different molar absorptivity of the analytes, which isin the order of
AB>BCP>MR. Very low RSD values, typicaly < 1% for n=3, were obtained for al
analysis, which suggested the data obtained from this optical photometer was very
reproducible.

Quantitative Analysis of mixtures

Using this LED array approach with an appropriate selection of LEDs it is possible to
obtain quantitative data from samples containing mixture of dyes. An ideal scenario is
that each component of the mixture only absorbs emission from one LED from the array,
which would make qualitative and quantitative analyses a simple task. Thisis not always
possible in practice due to the availability of LED with the desire emission band or the
dyes under investigation might have closely overlapping absorption band. However, with
less complex samples, i.e. mixtures of around 2-4 components with known quality,
provided that their absorption band are reasonably well separated and that a selection



LEDs with appropriate emission bands are available, it is possible to deduce the dye(s)’
presence and also to evaluate their concentrations.

As the data obtained from an emission LED may contain absorption data from complex
dye components, therefore the observed absorbance for each LED emitter can be
expressed as.

LED i — LED i AI&ED i LED i

B ye2 ye

observed dye 1 eq.3

where ALED | isthe observed absorbance from a mixture of dyes (i.e. dyel....dyen)

using a partlcular emitter LED i. The absorbance from the same dye mixture for a
different emitter LED j will be expressed in a similar fashion.

For anon-selective system, i.e. when all LEDs are absorbed by all dyes, Eq. 3 suggests
that the concentration of individual dye component is mathematically solvable provided
that the number of LEDs that provides the absorbance data for the dye mixture matches
the number of dye component. For a mixture of three dyes the minimum number of three
LED isrequired to generate three equations to solve the problem. This will involve
relatively ssimple algorithms even for more complex mixtures considering the current
computing capability.

With careful selection of LEDs to provide better selectivity it is possible to smplify the
data analysis. For example, as presented in this work, LED #8 is absorbed by only BCP,
therefore,

LED #8 _ LED #8
bserved BCP eq.4

whereas LEDs #3-5 are all absorbed by AB, so

LED #3 _ LED #3
observed AB €q.5

(LED#3 is chosen because it gave best range and sensitivity. LED#4 and 5 may be used
to as comparisons to confirm the data obtained from LED#3.)

However, MR dye only absorbs from LED#7, which is also absorbed by BCP:

LED#7 _ a LED #7 LED #7
observed ~ AMR T Pacp €q.6

Therefore for a mixture containing these three dyes, the concentrations of BCP and AB
may be ssimply read out from the calibration curves from LED#8 and #3 respectively. The
MR component may be deduced according to the following calculations:



1. Based on eg.4, estimate the correct BCP concentration using the calibration plot
obtained for LED#8 shown in Figure 3b.

2. This estimated BCP concentration may then be fitted into the calibration curve
obtained for LED#7, which is aso shown in Figure 3b, to obtain the
corresponding BCP absorbance value.

3. Absorbance due to the MR dye from LED#7 may then be obtained using eq.6.

4. The result obtained from 3 can then be fitted into the calibration curve shown in
Figure 3ato estimate the concentration of the MR component.

This method of analysis was found to be useful for determining mixtures of known
quality. Due to the selectivity offered by individual LED component, it was expected that
improved accuracy might be obtained for the dye components that could be deduced from
the absorbance data from a single LED. With more than one such LEDs it was possible to
cross check the results to improve quality of output. This method also reduced the
complexity of calculations for relatively complicated mixtures.

Table 2 summarised the results obtained from analysing fourteen samples of mixture that
contained 2 and 3 dye components in various proportions using the method described
above. Generally, the data obtained for the mixtures indicated that the estimated values
matched well with the expected dye concentrations. For BCP and AB components in the
mixtures, their concentrations were simply read off from the calibration curves according
to eg. 4 and eg. 5 to result in good accuracy. As shown in Table 2 the % errors observed
were small and were, on average, around 6%. Low standard deviations, typically within
5% RSD for n=3, were observed. For the determination of the MR component in the
mixtures, the accuracy obtained were considerably higher with values ranging from 2%
to 44%, and typically >10%. Since these values obtained for MR were from mathematical
elucidation, error propagation during the calculation procedures probably contributed
mainly to the magnified errors. The small standard deviation values observed may
support this hypothesis.

Overall thissimple LED array selected to demonstrate quantitative analysis of dye
mixtures have been successful. This model has shown that it is possible to reduce the
complexity of the data obtained from a mixture by choosing appropriate LEDs. Hence
simplifying data analysis and improve the quality of output. As expected, the data
obtained from more selective, more direct source have been proved to be more accurate
than those obtained using mathematical means. This supported the used of LEDSs that
were ‘selective’ to specific dye components.

The flexibility of LED based optical sensing array has aso been demonstrated in this
work. In this example, only 5 out of the 7 LEDs ‘responded’ to the samples and therefore
the data obtained from the remaining two ‘inactive’ LEDs were discarded to simplify the
analysis and to improve the quality of the output. For situations where more or less LEDs
are required it is very smple to include or exclude the data collected from the range of
LEDs present in the array. Moreover, it is easy enough to replace any LEDs by those that
are more suitable for a specific application.



For further improvement of the sensing array, using LEDs with narrower band gaps (
when available) could enhance the selectivity of the array; while increasing the number
of LEDs within the array could improve the range of the absorbing species the array
could detect. However, a balance between selectivity and coverage range must be
maintained for this sensing approach to be effective and simple to use. Therefore the
physical size of the array and the amount of data collected by the array should be
considered; otherwise the device would become clumsy to operate. With the current
computing technology the data from an array of up to 30 elements can easily be
computed using inexpensive processors. The availability of surface mount LEDs, which
are very small in sizes (typically surface area < 1mm?) and with emission covering from
UV to IR region implies that very small device could be fabricated from relatively large
amount of LEDs. Hence an extensive and powerful LED based optical sensing array
constructed with very inexpensive components is highly probable.

We envisage this LED arrays sensing technique be incorporated into instruments that use
spectrophotometric technique for sample analysis. These would include HPLC, FIA, lap-
on-achip device, and optical biochips. Since this photometer measures reflectance rather
than absorbance it is reasonable to propose that this LED array sensing approach could be
applied to detect colour on a planar surface or to monitor the colour change of planar
solid-state chemochromic sensors. Actually, works have aready been undertaken to
explore quantitative and qualitative analysis of solid-state chemical sensors. Furthermore,
the LED emitters and detector(s) may be configured into many different designsin an
optical cell to measure absorbance or reflectance.
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Figure 1. A picture of the Disco photometer (a) and a sketch of the Disco photometer to
illustrate the light detection pathway (b).

Figure 2. Emission spectra of the LED light sources used in the photometer and the UV-
V1S absorption spectra of Bromocresol purple (BCP), Aniline Blue (AB) and Methyl Red
(MR) obtained from the original dye stock solutions made up with 0.1M HCI.

Figure3. Cdlibration plots obtained for (a) Methyl red, (b) Bromocresol purple and (c)
Aniline blue using the disco photometer. The data were processed according to eg. 2 to
obtain the relative absorbance value.

Table 1. Emission characteristics of the LEDs used in the fabrication of the Disco
photometer and the absorption characteristics of the dyes used.

Table 2. Results obtained from analysis of 14 mixtures that contained 2 and 3 dye
components.
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Table 1.

LED/ (no.)

Spectral Line Half-

Peak emission

width/nm Wavelength/nm
IR Sensor (1) - 940
IR (2) 50 880
Red (3) 20 660
Orangered (4) 20 630
Y ellow (5) 35 590
Green (6) 30 565
Blue (7) 25 465
uv (8) 26 400

Dye Spectral half width of Peak absorption

absor ption/nm Wavelength/nm
Methyl red 150 520
Bromocresol 100 430

purple

Aniline Blue 100 600
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Figure2
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Figure. 3
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Table?2

Sample Ec)a(r?sg;??ation/nM Estimated concentrations/mM (n=3)
e MR | BCP AB MR Eror/z)r BCP Erofoor AB E:f)or

1 - 40 2 - - 37.32+£0.52 6.7 1.9+0.04 4.2

2 - 20 60 - - 20.73+0.28 | -3.6 6.22+0.03 3.6
3 - 10 8 - - 10.77+0.02 | -7.8 8.35:0.01 | 4.4
4 40 - 2 34.31+0.91 | 14.2 - - 1.86+0.05 6.8

5 20 - 6 20.68+0.21 -3.4 - - 6.13+0.0 -2.3

6 10 - 8 13.31+0.76 | -33.1 - - 8.37£0.02 | -4.6

7 10 40 - 11.76+0.89 | -18.0 35.3£0.31 11.6 - -

8 20 30 - 1750+ 0.17 | 12.5 | 31.98 +£0.31 -6.6 - -

9 40 10 - 3424 +1.29 | 14.3 | 11.31+0.43 -1.3 - -
10 30 10 2 22.88+1.04 | 23.7 | 10.07 £0.66 | -0.7| 1.70+0.03 | 14.9
11 10 30 2 5,58 +0.43 | 44.2 | 31.87 +1.34 -6.2 | 1.76 £0.07 11.9
12 10 20 4 9.65 +0.34 | 3.5 | 21.54+0.28 | -7.7| 3.8710.12 3.3
13 10 10 6 9.79 +0.64 | 2.1 | 10.76 +0.46 | -7.6 | 6.0010.16 0.1
14 10 10 2 8.08 +0.27 | 19.2 | 10.79 £0.33 -7.9 | 1.730.05 13.3
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