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ABSTRACT

Colorimetry, the quantitative determination of color, usually of a digital image, has useful
applications in diverse areas of research. Many methods have been proposed for translating the
RGB data of an image to obtain concentration information. Among the many methods for RGB
analysis, we focus on the vector projection method (VP), which is based on a vector analysis in
3D RGB color space. This method has the major advantages of being conceptually intelligible
and generalizable to various systems. For solutions with variable concentrations of one
chromophore, we will show that the analysis of the trace in RGB color space allows for a
judgment about the reliability of the linear concentration dependence of the chromapostasi
parameter. We discuss the theoretical underpinnings of the method in two test cases, a simple
dye solution and a titration of an organic acid with phenolphthalein indicator. The VP method
was then applied to the Ce-catalyzed Belousov-Zhabotinsky reaction with the expectation that
the colorimetry would quantify [Ce*'] oscillations. Surprisingly, the 3D color space analysis

revealed hysteresis loops and the origin and implications of this observation are discussed.
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1. Introduction

Colorimetry is a technique that allows for the determination of the concentration of an
analyte based on the color information of a given image. Most often, images are taken with a
digital camera, and the pixel information is translated to intensities of red, green, and blue (RGB)
light, on a scale that ranges from 0 to 255 for each color. The mixture of the RGB primary
colors controls the overall color perceived by the user (Fig. S1). Black is perceived when all
three intensities are zero and white is perceived when all three intensity values are 255.
Colorimetry has been gathering increasing interest in recent years, especially with the
development of smartphone cameras [ 1-3]. The multitude of useful applications has launched a
wave of innovation within colorimetry to enhance standard analytical techniques [4-6] and
inform emerging neural-networking applications [7]. The range of specialized applications
includes the detection of explosives [8], food additives [9,10], drugs [11,12], and various trace
metals in aqueous solutions [13,14]. Exciting biomedical applications include protein detection
and discrimination [1], diagnosis of drug resistant diseases [ 15], and the monitoring of cell

culture viability [ 16].

Colorimetry intrinsically seeks to quantify concentration and it is desirable to have a
physically meaningful, reliable process (i.e., the treatment of the RGB values) that is
generalizable to all colorimetric studies. In practice, many different combinations of the R, G,
and B intensity data have been shown empirically to have strong correlations with concentration,
and different treatments have been more or less effective for different datasets [17,18]. An
excellent comparison of various RGB-derived parameters is given in Table 1 of Ref. 8 in which
Choodum, et al. [8] explored various combinations of RGB data and many parameters showed
strong correlation with concentration. Lopez-Molinero, ef al. [13] compared some of the more
popular treatments and also found concentration to strongly correlate with several RGB-derived
parameters. Dong, et al. [19] and Lyra, et al. [5] explored a vector analysis approach, which

relies on the Euclidean distance in color space between the sample and a reference. It is an



appealing aspect of this approach that it has clear theoretical underpinnings. We will develop

this basic approach for our purposes (vide infra).

The Belousov-Zhabotinsky oscillating chemical reactions (BZR) is a prototypical example
of nonlinear dynamics [20-22]. The unstirred BZ reaction features intriguing wave propagations
in real space which have been studied colorimetrically [23-25]. Our group has been interested in
studying mechanistic aspects of the bromine chemistry [26,27] and measuring the kinetics of the
stirred BZ reaction using video colorimetry methods [28,29]. To determine the oxidation and
reduction times using colorimetry, we employed the “Difference from Characteristic Color”
(DCC) approach, a root-mean-square-deviation based analysis (vide infra), and we have shown
this DCC approach to work very well [28,29]. In our previous studies, it was assumed that the
DCC intensities would correlate with the concentration of the metal catalyst in solution. To test
this assumption, we are examining here several case studies both with colorimetric methods and
independent concentration measures. In the process, we developed a refined DCC method, the
DCCegp method, and we compared the performance of both DCC methods to the results obtained
with an RGB vector-based analysis. The Vector Projection (VP) approach compares the
measured RGB data of the sample to the color of a blank solution in RGB color space. With the
VP approach we are able to determine the concentration of a single chromophore in dilute
solution with high accuracy and reliability. As a proof of concept, we compared these
colorimetric methods to UV-Vis data in a study of the concentration dependence of a simple dye
solution and to theoretically calculated concentrations of phenolphthalein indicator over the
course of a titration. With the reliability of the VP method demonstrated in this way, we applied
it to successfully determine the concentration of Ce*" in a cerium-catalyzed BZR. Colorimetry
of a series of solutions with Ce*" concentrations in the range of the BZ reaction shows the
expected linear trace in 3D RGB space. The buildup of Ce(IV) during the fast oxidation phase of
a BZR cycle initially follows a linear trace as expected. Surprisingly, however, this linearity

does not persist for the entire oxidation phase and a different and complicated path is traced in



the slow reduction phase. The hysteresis loops show shape-stability across BZR cycles and the

origin and implications of this observation are discussed.

2. Methods
2.1. Instrumentation and setup

For the color analyses, it is important to be as consistent as possible with the background
and lighting features [30]. To this end, we used a white poster board as a background for each
video/set of images. We used room lighting in conjunction with one or two photography lights
to increase the overall light intensity. The white balance function of the camera was also used,
and was adjusted, either automatically or manually, at the beginning of each dataset. Care was
taken to place the camera at the beginning of each run in a given position such that the image of
the reaction vessel was clear. The approximate distance from the camera to the beaker was 34
cm. Once the camera was placed, it was not moved for the duration of the data collection.
Consistency in these aspects within any dataset is essential to obtaining good data; consistency

across datasets is generally desirable, but less important.

UV spectra were recorded on an Agilent Cary 60 UV-Visible spectrophotometer with a
Xenon flash lamp. The fiber optic dip probe accessory was used to collect data in real time.
Scans were collected at a moderate scan rate over a small range of wavelengths in the region of

absorbance.

2.2. Data extraction from video/images
2.2.1. Video recording and image collection

Videos and images were recorded with a Panasonic HC-V110 8.9 megapixel camera, which

can capture video in three different formats, AVCHD, iFrame, and MP4. In this study, we used



the maximum resolution of the camera, 1080p for video (AVCHD) and 3968x2232 for still
images. The analysis includes selecting a small window of each image that contains a set
number of pixels (vide infra). A higher resolution also affords the option to use much larger
sample windows, should that be desired. The capture rate of the camera for videos was 29
frames per second (fps). AoAo software [31,32] was used to convert the videos into a series of
still images without quality loss and during this conversion, the image rate was set to 10 images
per second to reduce the number of files and therefore the analysis time. The effect of frame rate
and sample window size on analysis time was studied previously [28]. For some kinetics

applications, a higher frame rate would be desirable.

2.2.2. Placement and size of sample window

After generating the images that will be analyzed, some small window of pixels must be
defined that will be used in the analysis. In this study, we use either a 50x50 pixel or a 100x100
pixel sample window. The placement of the window was dictated by several factors. In the BZ
reaction vessel, we often add stirring elements and/or measurement probes to the beaker which
obstruct the view of solution. Stirring effects (e.g., vortex from fast stirring) and reflections on
the glassware from external lighting are also key features to avoid. Finally, in the BZR, COz is
produced over the course of reaction, giving rise to bubbles that can adhere to the walls of the
glass. The sample window chosen should be relatively clear of bubbles, even in the later
portions of the video when the most bubbles are present in solution. We define a sample window
that is as far removed as possible from these elements to achieve an accurate estimate of the

solution color (Fig. S2).

It should be noted that the choice of sample window also affects the path length through the
solution. Even within a sample window, points on opposite sides of the grid have slightly
different path lengths due to the cylindrical shape of the reaction vessel. To determine whether

these differences would have any effect on the results, we analyzed a single dataset several times
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with different window placements. We found no measurable deviation in the average solution

color and therefore find the effect of these small path length differences to be negligible.

2.2.3. Reference and blank solutions

The determination of concentration via any colorimetric method requires at least one
reference solution of known concentration. The concentrations of samples can then be
determined by extrapolation, within reasonable limits (i.e., dilute solutions). For the simple
systems described here that start colorless and acquire color over time, the reference solution will
be a single-component solution of the analyte. It is well known that the absorbance of a solution
follows Beer’s Law, that is, the absorbance is directly proportional to concentration for dilute
solutions [33]. Therefore, reference solutions should be relatively lightly colored such that their
concentrations are in the range of concentrations where Beer’s Law holds. In the discussion of
the study of the dye solution with our colorimetric methods, we will show at which
concentrations Beer’s Law begins to fail. Knowing this critical concentration, we can verify that

the reference solution chosen falls within the range of proportionality.
[Scheme 1 about here]

One primary difference between the vector projection method and the DCC methods
outlined below is the choice of reference solution (Scheme 1). For ideal results with the DCC
methods, the reference solution will have the maximum concentration for which Beer’s Law still
holds. This is because the DCC methods calculate the concentration of a species based on the
difference between the RGB intensities of the sample point and the reference point (vide infra)
and the direction of color change from the reference is not included in the calculation.

Therefore, the reference should be as deeply colored as possible within the limit of Beer’s Law,
such that images that deviate from the characteristic color can be assumed to be less colored and,

therefore, correspond to less concentrated solutions. In Scheme 1, the region where Beer’s Law



applies is shown in green. The point C is the critical point where the linear relationship of the
DCC value to the concentration breaks down and, therefore, point C is the ideal reference point
for DCC measurements. Point B can also be used effectively, especially if all of the measured
samples are less concentrated than solution B. However, the choice of point D as a standard is
poor and results will be correlated with concentration but the correlation will not be linear. It is
often impossible to determine critical concentration before an experimental run, and therefore the
most deeply-colored solution is used as the DCC reference image and a check is performed
afterwards to ensure that the concentration of the reference image lies within the allowable

range.

Aside from a reference solution, the vector projection method also makes use of a blank
solution. To ensure lighting conditions and other parameters are the same for the blank and the
sample solutions, the blank images are usually taken immediately preceding the experimental
trial. For our experiments, the blank image will contain the reaction vessel and either a water
solution or a solution of the reaction mixture before any of the colored analyte is added. For
example, the blank image for a BZR experiment was the mixture of the bromate, bromide,
malonic acid, and sulfuric acid solutions before the Ce catalyst was added. It is preferred that the

components of the blank solution be as similar to the sample matrix as possible.

2.3. Measurement of RGB values

For each sample image, the RGB values are extracted via a simple Mathematica program
using the built-in ImageData function [34]. This gives an [m x n x 3] three-dimensional array of

the red, green, and blue color values for each pixel for a given image (Fig. S3).

Then, we average over the red values, the green values, and the blue values of the pixels to

get composite RGB values for each image (i) of the sample (Eq. 1-3).

Rs,i — 21 21 Rm,n (Eq 1)

mx*n



Gy = 2121 Cmn (Eq. 2)

mx*n

mx*n

These composite values correspond to a single point (Rs;, Gs;i, Bs,i) in the RGB color space.
The pixels in the blank and reference images are averaged in the same way to obtain the

composite Ry, G, By and Ry, Gy, and B; values, respectively.

2.4. DCCo and DCCep methods

Conceptually, the DCC analysis measures the difference between the color of a given
sample and a reference image. Therefore, the DCC analysis relies both on the (Rs, Gs, Bs) points
of the sample and the reference point (R;, G, Br). The DCC method is applied here in two ways,

to determine the original DCCy values and a second set of DCCEgp values.

The equation for the determination of the originally described DCCy values [28,29] is shown

in Eq. 4.

Rsi—Rr Gs,i—Gr Bs,i—Br
DCCoiRsi,GsiBs) =1 — (0% + () + ()7 (Eq. 9

The division by 255 ensures that each of the terms is less than one and the squaring ensures

that each term is positive.

In the process of working on the current project, we realized that the DCC approach could
be made more physically meaningful. Specifically, we define the new parameter DCCep via Eq.

5.

1 Rs,i_Rr Gs,i_Gr Bs,i_Br
DCCep,i(Rs,i,Gs,i,Bsi) =1 — \/_5\/( = )2 + (. e )2 + (T)Z (Eq. 5)

By taking the square root of the three summed terms in Eq. 4, the new chromapostasi
function DCCEgp now reflects the Euclidean distance in color space between the reference image
and the sample image (Eq. 5). The term “chromapostasi” reflects that DCCep is a measure of the

distance (Greek, apostasi) between points in color (Greek, chroma) space.
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We emphasized above the importance of using a reference solution with a concentration at
the upper end of the experimental range of interest. With Eqs. 4 and 5 the reason for this
condition becomes clear: the DCC value will increase with increasing concentration until the
concentration of the sample matches that of the reference solution. However, for samples with
higher concentrations than the reference solution, whether within the Beer’s Law range or not,
DCC will decrease. For the case studies presented in the following, it is always the case that the
concentrations of the DCC reference solutions exceed the concentration range of the sample

solutions.

2.5. Vector Projection

The vector projection method relies on the difference vectors A which are defined with Eq. 6
by the difference between the sample (Rs, Gs;i, Bs,i) point and the blank point (Ry, Gp, Bp). A

difference vector B is defined for the reference image as shown in Eq. 7.

A; = (Rq;,Bs, Gs;) — (Rp, Gy, By) (Eq.6)
B = (Ry, By, Gy) — (R, Gp, Bp) (Eq. 7)
&0 = JRes = Ro)” + (Gos = Go)’ + (Bey — By’ (Ba. 8
Bl = VR: = Rp)Z + (Gr — Gp)? + (By — By)? (Eq. 9)

The magnitudes of vectors A and B are given by Egs. 8 and 9, respectively. We will show
that these magnitudes are directly proportional to concentration over a given range. Thus, by

, We

comparing the magnitude ||K,)|| of the i sample image to that of the reference solution ||§|

can estimate to a very good approximation the concentration of the sample using Eq. 10.

[A]; = @ [B] (Eq. 10)

In an ideal Beer’s Law scenario, the trace of the K; vectors define a straight line in color

space and fall along the same line as the B vector. In reality, the K; vectors may deviate
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somewhat from the direction of the B vector. In those cases, the sample vectors would need to
be projected onto the B standard vector to estimate the concentration. The vector projected
magnitude (VPM) of vector K; is provided by Eq. 11, where 6; is the angle between each sample
vector K; and the reference vector B. The angle 6; can be determined by Eq. 12. Small 6 values
indicate that the vectors are directionally similar and therefore that the sample is a different

shade of the same color as the reference solution.

VPM; = |[A]]| cos 6: (Eq. 11)
A-B
c0sf = ——— (Eq. 12)
[IAI] [B]

The 0 parameter becomes important in multi-chromophore systems. In a reaction that is
accompanied by the transition from one color to another color, one would define two B vectors
relative to the two reference colors. The associated 1 ; and 6, inform about the transition

region.

In this work, we study single-chromophore solutions and, hence, the 8 values are typically
very small and not reported. Note that & may get very large when the sample vectors have
almost no magnitude and in these low-concentration cases 6 merely reflects a signal:noise ratio

error. Of course, when 6; = 0, VPM,; is approximated by ||K1)|| and for the cases reported here, we

refer to VPM; simply as the chromapostasi magnitude of the VP method.

3. Results and discussion
3.1. Concentration of a single colored dye solute

As a proof of concept, we analyzed a series of solutions of a simple food dye. Green food
dye is a mixture of FD&C Yellow 5 (tartrazine) and Blue 1 (Brilliant Blue FCF) dissolved in
water/propylene glycol. Small aliquots of the dye solution were added to a beaker containing

750 mL of water. After the addition of each aliquot, a picture of the solution was recorded with
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the camera and a UV-Visible spectrum was recorded in the 620 - 635 nm region. Dye was added

until the color of the solution became dark green.
[Fig. 1 about here]

The endpoints of each sample vector (Rs, Gs, Bs) are plotted in the first panel of Fig. 1 in the
3D RGB color space as a function of dye concentration. The bottom panel of Fig. 1 shows the
decomposition of the color space points into their Ry(c), Gs(c), and Bs(c) values as a function of
the dye concentration. Note that the blank solution has the highest R, G, and B values and that
the addition of dye decreases the Rs, Gs, and Bs values until all three approach zero. The
appearance of “more green” solution is the result of diminished intensity in the red and blue
channels. In addition, Fig. 1 demonstrates in a compelling fashion that the intensity changes in
the three color channels are not traceable. For example, the first 54 drops of green food dye
deplete entirely the intensity of red color in an almost linear fashion. The blue values also
decrease relatively quickly, but not linearly, and remain non-zero over the range studied.
Initially, the green values remain nearly constant and begin to decrease only after the R and B

intensities are well below 20.
[Fig. 2 about here]

The UV-Vis absorbance at 630 nm was measured over the entire concentration range and
the measured data are shown in Fig. S4. The UV-Vis data follow Beer’s Law perfectly over the
entire range of dye concentrations. To evaluate whether the video analysis can produce
quantitative concentration data, we plotted the chromapostasi VPM values on the primary axis as
a function of the measured absorbances over the entire range (Fig. 2, top panel, dark blue). In
Fig. 2, we also show the chromapostasi values DCCy (dark teal) and DCCkgp (orange) plotted on

the secondary axis.

The plot in Fig. 2 shows that the VPM chromapostasi values can reflect analyte

concentration, but it also shows that the linear relation between ||K,)|| values and absorbances for
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this dataset is limited to concentrations below an absorbance of 0.14. The bottom panel shows a
close-up of the region in which the chromapostasi values correlate linearly with measured

absorbances.

The insights of Fig. 1 combined with the observation of Fig. 2 suggest that chromapostasi
measurements can reflect concentration changes only if the intensities in a// channels remain
above a certain threshold. In our specific case, the R intensity becomes zero after the addition of
54 drops of dye solution and for higher dye concentrations the VP method no longer tracks
concentration linearly. This observation explains why some previous studies found analyses of

only one color channel to sometimes be just as effective as measuring all three color channels
[8].

The bottom panel in Fig. 2 shows that the VPM values correlate with absorbances below
0.14 (dotted line) in a linear fashion with R? > 0.98. Further reduction of the upper absorbance
limit to 0.1 results in an even better linear fit with R? > 0.99 (dashed line). All three methods
show somewhat linear correlation up to a certain point, and then deviate from linearity at high
concentrations. The DCCy and DCCkep values correlate with concentration and the DCCegp

values are better compared to the DCCy data.

The above discussion has one immediate consequence, namely that the selection of a shorter
path length should increase the linear range of the video analysis. To make this point, the green
dye experiment was performed again measuring the UV-Vis absorbance and video data in a
standard quartz cuvette (1 cm path). The top portion of Fig. S5 shows the Rs, Gs, and Bs values
for each concentration of dye solution measured in the cuvette, analogous to the bottom panel of
Fig. 1. Similarly, the bottom panel of Fig. S5 shows the results of the VP analysis as a function
of the UV-Vis absorbance, analogous to Fig. 2. Fig. S5 illustrates in a compelling fashion that
the shortened path length drastically increases the concentration range in which the video

analysis produces chromapostasi data that linearly correlate with concentration. With the small

13



path length, we find an excellent linear correlation between the UV-Vis absorbances and the

video data (R? = 0.9953) for the region from 0 to 1.0 absorbance, a ten-fold increase!

3.2. Titration of acetic acid with phenolphthalein indicator

The study of the pH titration of acetic acid is more challenging than the study of the simple
dye solutions for two reasons. First, the color change in a titration occurs rapidly in a small
region of the entire pH range. Second, the concentration of the colored analyte is less clear
because it exists in equilibrium with other species, and therefore, its concentration must be

determined by an independent method.
[Fig. 3 about here]

Fig. 3 shows the individual Rs, G, and Bs values as a function of the volume of base added.
This is analogous to Fig. 1 for the dye. The color change of phenolphthalein from colorless to
pink begins around 36.9 mL of base added. Note that the increase of pink color is reflected by a
sharp decrease in the green channel, the complementary color. The pink of the phenolphthalein
dianion is a mixed color of red and blue with red dominating (“reddish pink™). Accordingly, we
observe a faster decrease in the blue channel as compared to the red channel with increasing
chromophore concentration. Note that none of the primary color intensities dips below 20 and
all three values continue to decrease with increasing [In?"] for the entire course of the titration.

The corresponding change in color space traces out an approximately straight line.

In Fig. 4, we plot the results of the colorimetric analysis as a function of volume of base
added. The top panel shows the results of the VP method and the bottom panel shows the results
of the DCC methods. In both panels of Fig. 4, we show the concentrations of the colored analyte
on the secondary axis. The main purpose of our paper is the demonstration of video-based
colorimetric analysis following species concentrations. In the case of the green dye study, we

employed UV-Vis spectroscopy and Beer’s Law to obtain reliable concentration information.
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Here, we provide reliable concentration information about the chromophore in a different way,

namely via simulation of the multi-equilibrium system as a function of pH [35-37].
[Fig. 4 about here]

Phenolphthalein is a neutral acid, HzIn, at low pH values and the loss of two protons affords
a pink dianion species, In*. The overall reaction is shown below as R1 and the equilibrium
constant expression is given by Eq. 13. Of course, this reaction can be split into single proton

dissociation reactions R1a and R1b with the associated equilibrium constant expressions of Eq.

14 and Eq. 15.
Holn =2 H' + In* (R1)
Keq = [H]? [In*] / [Haln] (Eq. 13)
Holn = H' + HIn (Rla)
Ka1a=[H'] [HIn] / [HaIn] (Eq. 14)
HIn = H' + In* (R1b)
Ka1o=[H'] [In*]/ [HIn'] (Eq. 15)

The pKa that is commonly associated with phenolphthalein at standard temperature is 9.7
[38], which is approximately the value of pKa 1b. To use this value and to treat the equilibrium as
a single proton dissociation is to assume that all of the phenolphthalein in solution exists as the
mono-anion prior to the color change. This is the common approximation and we have
calculated the [In?] values in this manner (Fig. 4, grey squares). However, to more accurately
describe the concentration of the colored species In*, the equilibrium between HaIn and HIn"
must not be neglected. It is clear that the values of pKa1a and pKa,1p are similar and the
dissociations are difficult to separate from each other. Still, one spectrophotometric study

reported the values of pKa 1a = 9.05 and pKa,1b = 9.5 [39]. The overall reaction, the double-
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dissociation given in R1, would then have a pKeq of 18.55. Using the mass balance equation, Eq.
16, and the equilibrium constant expressions, the concentration of the chromophore In* can be

written as Eq. 17 (Fig. 4, grey triangles).

[HaIn]o = [HaIn] + [HIn] + [In*] (Eq. 16)
P Keq[HZIn]O
) e Ka 1al T+ PP (Ea-17)

The top panel of Fig. 4 shows that the curvature and the inflection point of the vector
projection data appear to be in good agreement with the chromophore concentrations calculated
by both the single- and double-dissociation methods. The bottom plot in Fig. 4 shows similar
agreement for the computed DCCy and DCCgp values. However, the double-dissociation
method is clearly superior because Fig. 5 shows that a good linear correlation of the
chromapostasi values as a function of chromophore concentration can only be achieved with the

double-dissociation method.
[Fig. S about here]

In analogy to Fig. 2, Fig. 5 shows the correlations between the video analysis based
chromapostasi values and the calculated chromophore concentration [In*]. The plot range starts
at the emergence of color (36.905 mL of NaOH added). For all three methods, the single
dissociation approximation (squares) does not provide a satisfactory linear correlation in any
range, and no linear regression line is shown. On the other hand, there is a strong linear
correlation between the VPM values (dark blue, primary axis) and the calculated chromophore
concentration [In*] by the double dissociation method (triangles). The DCCgp data (orange,
secondary axis) also show very strong linear correlation with the calculated [In*] and in fact, the
linear fit is slightly better than for the VP data. The DCCy method fares far worse and the

regression line is a very poor fit of the data.
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Our results suggest that the VP method and the DCCgp method will be approximately
equivalent if the trace in RGB color space closely approximates a straight line. For the
phenolphthalein titration, the Rs;, Gsj, and Bs; values trace out a straight line in color space with
increasing [In*7] (Fig. 3). This is in sharp contrast to the case study of the green dye solution,
where the trace in color space (Fig. 1) deviated greatly from linearity. It is this linearity in RGB
color space in the region of interest that allows for a judgment of the applicability of the DCC
method. The best one can hope for is that the DCC reference point is at the maximum of the
region of linearity and in such a case, the DCC method will yield approximately equivalent

results.

3.3. Concentration of the Ce** catalyst in the Belousov-Zhabotinsky oscillating reaction
3.3.1. Total concentration of the Ce*" catalyst

Our genuine interest is with BZ oscillating reactions. In the spirit of the dye analysis, it was
our intent to perform video and UV-Vis spectrometric analyses on the same system
simultaneously. Another approach, in the spirit of the titration study, would involve the
performance of the video analysis in conjunction with the solution of the kinetic equations
governing the reaction. We thought that both approaches would provide an independent

evaluation of the concentration dependence of the video analyses.

The collection of the UV-Vis data presented several obstacles for the BZ reaction. At first,
we attempted to use the same fiber optic dip probe as in the dye experiment. However, CO»
bubbles produced by the BZ reaction adhere to the surface of the probe, including the surface of
the mirror, rendering unreliable readings. Because the oscillation is rapid, removing an aliquot
from the bulk solution and measuring its spectrum in a standard cuvette was not feasible for real-
time measurements. A flow cell attachment was also considered, but complications arising

because of differences between the flow cell and the bulk solution would disrupt any comparison
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between the UV-Vis spectroscopic and the video analyses. Ultimately, the collection of UV-Vis

measurements had to be abandoned.

The mechanism and kinetic rate constants of the BZR have been discussed in the literature
for some time [20,21]. Simulations of the kinetic equations to afford real-time concentration
data have been developed with some success for the Fe-catalyzed BZ reaction [28], but we have
been unable to produce reliable simulations for the Ce-catalyzed reaction over a wide range of
reaction conditions using the published rate constants for the Ce*" oxidation and Ce*" reduction
processes. Thus, we also cannot compare the results of our video analysis to theoretical

concentrations of the [Ce*] analyte.

Reaction systems with these kinds of complicating factors are exactly the reason why video
colorimetry methods are not just desirable but an essential tool. Moreover, we did establish for a
series of solutions with various Ce(IV) concentrations in the range pertinent to the BZR that the

trace of the single chromophore in color space is linear (vide infra).

The initial concentrations of the reagents in the BZ reaction studied were: KBrOs; 74.4 mM,;
H>C(COOH); 100.5 mM; KBr 19.2 mM; H2SO4 0.882 M; (NH4)2Ce(SO4)4-2 H20 4.4 mM and
the volume of solution was 300 mL [40]. The video of the BZ reaction was recorded for
approximately 58 minutes or 3500 seconds. The video data was split into images at a frame rate
of 10 images per second, which allows for easy conversion from the image domain to the time
domain. The first few minutes of the video show the mixing of the reagents and the induction
periods of the BZR. To avoid any leftover induction effects, our analysis begins a few moments
before the second oscillation (at 500 sec) and continues until the end of the video, approximately
3,000 seconds later. The oscillation pattern remained steady over the entire duration of the

video.

[Fig. 6 about here]
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The individual Rs, Gs, and B values were plotted as a function of time in Fig. 6 for the full
time range. The primary change in the color space with each oscillation is a drastic drop in the
intensity of the blue channel, which is expected for the increase of the yellow color of the
solution with increasing Ce*" concentration. Importantly, none of the color intensities drop
below 80 and, as we have shown, this suggests that the chromapostasi values are well within the

region that allows for linear correlations with concentration.

Because of the large number of data points, both the VP and the DCC analyses benefit
slightly from a smoothing treatment to reduce noise. Data was smoothed by taking a moving
average of the magnitude for twenty-one points, the point at time ¢ and its ten nearest neighbors

in both directions on the ¢ axis, for a full range of # £ 1 sec.
[Fig. 7 about here]

The direct result of the vector projection method, the chromapostasi values, are plotted on
the primary axis in the top panel of Fig. 7 and the respective results of the DCC methods are
plotted on the secondary axis. For the VP method, the blank image was chosen from a small set
of images in the video which occurred after the bromine-containing species had been mixed, but
before any cerium was added to the reaction mixture. It is clear that the period time of the
reaction is well established by all three methods and averages to about 182 seconds, although the

oscillations do tend to speed up with time.

It is an important observation that VP magnitude drops to almost zero in each cycle,
suggesting that the reduction of Ce*" is virtually complete in each cycle. Some noise can be seen
in many of the cycles when the VP magnitudes are near zero, but this phenomenon is of no
concern because the solution is hardly colored in those places. As a consequence of the
definition of the DCC values, the chromapostasi parameter related to the Ce*" concentrations
remains nonzero, even in the absence of Ce*". Fig. 7 shows that the lowest DCCo and DCCkp

values are 0.484 and 0.585, respectively.

19



If the chromapostasi values derived from the VP method are directly proportional to [Ce*'],

then the conversion to the concentration domain requires only one standard solution. A standard
solution of Ce*" (0.59 mM) was prepared by dissolving 0.111 g of (NH4)2Ce(SO4)4-2 H,0 in 300
mL of 1M sulfuric acid solution. Then, by application of Eq. 10, the Ce*" concentration was

determined as a function of time and is shown in the bottom panel of in Fig. 7.

The maximum Ce*" concentration reached in any cycle was approximately 0.77 mM, and
hence, a maximum of 14.9% of the cerium in the solution is oxidized. This is compatible with
early experimental determinations of the [Ce*"]/[Ce*"] ratio determined by potentiometric
methods [20]. The lack of a suitable standard in the DCC dataset makes concentration

determinations impossible without reference to the VP data or some other independent method.

3.3.2. Tracing BZ reaction cycles in RGB color space

There was every reason to expect an essentially linear trace in RGB color space for the color
associated with the variable [Ce*'] in the course of the BZ reaction. We did know that the
respective trace for a series of Ce(IV) salt solutions was essentially linear (Fig. 8, left). To
generate the plot of Fig. 8, a stock cerium solution (45.7 mM) was made by dissolving 0.868 g of
(NH4)2Ce(S0O4)4-2 H20 in 30 mL of water. This stock solution was added in 200 pL aliquots to
300 mL of 0.88 M H2SO4 and a picture was taken after each addition. The green points in Fig. 8
(left) fall within the range of the Ce*" concentrations of the BZR and the purple points indicate
higher cerium(IV) concentrations. As can be seen, the cerium salt series is essentially linear in
color space and correlates linearly with [Ce*']. Therefore, we were confident to assume that the

VP method would accurately describe the total cerium(IV) concentration in the BZ reaction.
[Fig. 8 about here]

In the right panel of Fig. 8, the smoothed color space trace is shown for a single oscillation

of the BZ reaction. Much to our surprise, the color space trace of the BZR cycle was nothing
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like a simple line. Moreover, the reduction did not re-trace the path of the oxidation causing a
well-defined hysteresis loop. Blue points indicate the oxidation phase of the cycle and red points
show the reduction phase. During the oxidation phase, the [Ce*'] grows quickly and the growing
intensity of the yellow color of the solution is associated with an almost linear color space trace.
In the late stages of the oxidation and for the entire duration of the reduction phase, the trace
deviates from linearity in a pronounced and intractable fashion. We argue that this feature is
real. To demonstrate the reality of an unexpected feature, one needs to establish reproducibility
and an oscillating reaction is the perfect system in that regard because, in a sense, every cycle is

a reproduction with essentially the same initial conditions.
[Figure 9 about here]

To demonstrate the reality of the observed hysteresis and its shape-stability, color space
plots were generated for several individual periods of the BZ reaction (Fig. 9) and the different
colors simply reflect different cycles. Two perspectives are shown of the overlay of these cycles.
Note that the shift of the hysteresis loops in RGB space involves changes of comparable
magnitude and comparable direction for the R, G, and B values; shifts of this type are commonly
associated with minor lighting fluctuations. Most importantly, the fact that very similar shapes
are traced out by all cycles indicates that the fluctuations in color space are not due to noise, but

have real, chemical significance.

Typical discussions of the Ce-catalyzed Belousov-Zhabotinsky reaction merely refer to the
oscillation between “Ce**” and “Ce*"”, as we have done above. In reality however, both cerium
ions are present as complexes in solution. Under BZR conditions, it is most likely that sulfate
species occupy the coordination sphere [41-44] and the crystallographic record includes
examples of such complexes [45-47]. The color of Ce(IV) complexes is known to be sensitive
to the nature of ligation and large shifts in the emitted light have been documented [48]. During
the fast oxidation of the predominant Ce** species, the linearity of the RGB trace of the

generated Ce*" species suggests minimal changes in the ligation. It is only in the later stages of
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the oxidation phase that the initially-formed Ce*" complexes optimize their coordination sphere
and this may include some ligand exchanges/additions. Reduction of the cerium(IV) complexes
requires the approach of bromomalonic acid, the reducing agent, and its integration into the
primary coordination sphere. The primary product of bromomalonic acid oxidation is mesoxalic
acid [22,49], itself a powerful tridentate ligand. Eventually, the ligand sphere of the freshly-
reduced cerium ion will lose the organic ligands and return to the dominant cerium(III) sulfate
complex. Even a minimalistic consideration must include at least three types of Ce*" complexes
with different ligands. Every type of cerium(IV) complex will have its characteristic color and,
hence, it should not be surprising that the color trace of this complicated reaction is not linear in

RGB space. The BZ reaction clearly involves more than a single chromophore.

The RGB color space analysis provides compelling evidence for the presence of several
similar chromophores. A priori, the chromophores will have their own slightly different colors
and distinct extinction coefficients. In a strict sense, the RGB color space analysis therefore does
not provide a perfect concentration measurement in this case. Nevertheless, the concentration

curves shown in Fig. 7 still provide the best possible estimate of total [Ce*'] content.

It was our original intent to compare the video analysis to UV-Vis absorbance measurements
in order to validate the former by the latter. This approach relies on the assumption of one
species being responsible for the UV-Vis absorbance. The color space analysis shows that there
are several chromophores and alerts to possible limitations of the colorimetric determination of
concentration. The UV-Vis measurement, on the other hand, would not have been able to
provide any indication of the presence of multiple chromophores because of low resolution of the

instrument.

22



4. Conclusion

We have developed a colorimetric method, the vector projection (VP) method, to determine
the concentration of a single chromophore reliably from video data. It is one of the major
advantages of the VP method that this analysis is conceptually intelligible and can be visualized
in three-dimensional RGB color space. In particular, by mapping the changes in the primary
color intensities in 3D color space, one can determine whether the results of the image analysis
will correlate linearly with chromophore concentration. We have shown that the VP data will
correlate linearly with chromophore concentration so long as the RGB vectors trace a straight
line in color space. Linear traces are more likely for processes associated with color changes that

retain significant intensity in all primary color channels.

The VP method and the DCC methods both rely on one reference. The VP method uses a
blank solution (measuring background) while the DCC methods use a relatively concentrated
solution of the analyte (intense color standard). The VP method is insensitive to the precise
choice of standard, while the selection of the DCC standard is non-trivial and a good choice
requires prior knowledge of the system. The insights led to the definition of the improved
DCCep method, which is capable of producing results that match the quality obtained by the VP

method.

In two proof of concept studies, we compared the performance of the colorimetric methods
to independent measurements of concentrations. UV-Vis absorption data provided the
independent reference in an analysis of a series of dye solutions of variable concentration.
Calculations of the chromophore concentration as a function of pH were employed for the
quality assessment of the colorimetric analysis of the titration with phenolphthalein indicator.
Both cases provide direct evidence that the VP method allows for the determination of accurate
chromophore concentrations if the RGB vectors trace a straight line in color space. The titration
experiment showcased excellent agreement between the colorimetrically-determined and the

computed chromophore concentrations and demonstrated in a compelling fashion that the VP
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analysis is perfectly able to reliably capture fast color changes which follow a complicated

kinetics.

The application of the colorimetric methods to the video-based analysis to a Ce-catalyzed
BZ oscillating reaction provided an impressive demonstration of their powerful capabilities to
study fast reactions with complicated kinetics. The colorimetric methods are easy to apply and
their temporal resolution far exceeds that of visible spectroscopy instrumentation. The VP and
the DCC methods all produce highly accurate timing information. The VP method is the method
of choice to measure single-chromophore concentrations over time and the VP method produces
the best possible estimates of total Ce*" content. Shape-stable hysteresis loops in RGB space
reveal small but systematic color changes within a BZR cycle and especially in the course of the
reduction phase. The hysteresis loops inform about mechanistic complexities that would have
been impossible to obtain via standard spectroscopy. The observed hysteresis loops suggest
changes in the ligation of the cerium(IV) chromophore and further studies are needed to explore
the impact of ligands on the 320 nm absorption of cerium(IV) ions. The observation of
hysteresis loops also demonstrates the advantage of three-color analysis as compared to the
commonly used single-channel colorimetric methods. Observation of the BZ reaction using just
the blue channel would be an obvious choice for single-channel colorimetry. Yet, this choice

would preempt the discovery of the rich redox reaction chemistry.
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Scheme 1. Hypothetical Results of the DCC Method Highlighting Key Points to Consider as the

Reference Solution

1.00

0.98 F D

o o
O O
B [}

T T

(@)

I
o
I~}
T
W

Chromapostasi
o o
0 O
o] (=]

0.86

084 + A

0.82 . . !
0 0.1 0.2 0.3 0.4

Concentration —

32



Blue

120
A RE
5,100 [
=1 .
2 Y
2 80 | %
= Y
(] .
— AN
=} Li
s 60 1—%
Y
@) Y
>
5 40 : \s
= 1O
& 3
20 \
L)
)
\
0 \
0 50 100 150 200 250 300

Dye Concentration (Drops)

Fig. 1. Full concentration profile of green food dye in the RGB color space. Every point in the
top panel corresponds to one specific concentration of the dye and each point is drawn with the
color of that solution. The bottom panel shows the Rs(c), Gs(c), and Bs(c) values with increasing

concentration.

33



160

140

Magnitude (VP)
B &8 2 8 23 B

(=]

160

140

—
[3*]
<

—
(=4
(=]

Magnitude (VP)
g &

20

Fig. 2. Comparison of the Vector Projection method (Dark Blue) and the DCC methods, DCCy

1.0

Absorbance (UV-Vis)

(Dark Teal) and DCCgp (Orange) to UV-Vis data.

34

0.9
0.8 —~
£ / 8
4 1 0.7 o
$ j—
{ T 06 . —
. w2
. 8
F 105 &
:° Q
104 &
: 03 g
: - g
: 1020
4 0.1
1 1 1 1 1 0.0
0.1 0.2 0.3 0.4 0.5 0.6 0.7
Absorbance (UV-Vis)
1.0
R2=0.9111 oo maneniee
bo senettlo sl -, 1 09
.‘../", - . o matoeee” e
B ."' ° ) oo, 000" *2 i -.. 4 0.8 ~
. ".i"r: 4 PR 8
o™ 2=(.956 .
107
- [
N’
T 06 . —
w2
<
105 %
o
104 &
4 B g
ET TRE=0.9903] {1030
. R T £
* 1020
i 4 0.1
1 1 1 1 1 0.0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14



Green

140

120 r

[} [] [ ]
RN EE ne

100 i,

0
(=]
T
.

.
.

D
(=]
T

F-S
(=]
T
.
o
.
o

Primary Color Intensity

[\
(==}
T

0 1 1 1
36.5 36.7 36.9 37.1 37.3

Volume of Base (mL)

Fig. 3. Composite Rs, Gs, and B values as a function of base added shown in the 3D color space
(top) and as the individual primary color intensities (bottom). The color change of

phenolphthalein starts at around 36.9 mL of base added.

35



100 25
90 g
80 ’ {20 7
—~ / <
a. 70 <
> L2
< 60 | f 415 —
O o
= s0 f / =
i ' °
S 40 | | 110 5
) ‘ =
S 30+ | =

20 15 g

10 " %

'-W/\),

0 ' e ‘ 0
36.5 36.7 36.9 37.1 373
Volume of Base (mL)

1.0 25
—
=

—~ 120 &
©) S
Q =
209 L
o 4 15 —
o
2 (]
] Lo g
08 =
5 g
® 15 &
=
@)
0.7 ' e : 0
36.5 36.7 36.9 37.1 373

Volume of Base (mL)

Fig. 4. The top and bottom panels show the results of the vector projection method (dark blue)
and the DCCy (dark teal) and DCCegp (orange) methods, respectively, as a function of the volume
of base added. In both panels, the secondary axis is employed to show the calculated
concentration of the colored analyte (grey). Concentrations of the colored analyte were
computed in two ways: via single-dissociation approximation pK, = 9.5 (squares); via the

double-dissociation pKeq = 18.55 (triangles).

36



100 T L e TS | 1.0
- " , ) ! - Fa A‘J
90 L - A. ,“ .Il. A“,A"'
- i g _db‘f#

80 | ’ s ‘.-I" “»u" 6
o - . -t b Q
g s oom i L 09 Q

. r N
< 60 | - oA =
Q : <
B 0t = 2
R= " i =}
g[) 40 r i ] §-‘
a1 a 0.8
S 30+ T o

,:?"t‘ E

20 A om &)

10+ 4 =

0 0.7

0 5 1‘0 115 210 25
Chromophore [In*] (calc., uM)

Fig. 5. Chromapostasi values as a function of the chromophore concentration. Comparison of
the vector projection method (dark blue, primary axis) and the DCCy (dark teal) and DCCgp
(orange) methods (secondary axis). Chromophore concentration computed in two ways: via
single-dissociation approximation pK, = 9.5 (squares); using the double-dissociation pKeq =
18.55 (triangles). R? values for single dissociation approximation are 0.9701 (VP), 0.9726
(DCCkp), and 0.8155 (DCCy) and for the double-dissociation are 0.9953 (VP), 0.9959 (DCCkp),
and 0.9178 (DCCy).

37



150

—_ —_ —_ —_
—_— (3] (o) B
(=] (=] (=] [
T T
3
Y,
Y

—

[=]

(=]
T

el
(=]
T

Primary Color Intensities

o)
(=]
T

~]
(=]
T

1 1 1 1

500 1000 1500 2000 2500 3000 3500
Time (sec)

N
(=]

Fig. 6. R, Gs, and B values for the Ce-catalyzed BZ reaction plotted individually for the full

time range.
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Fig. 7. Top: VP and DCC data for the Ce-catalyzed BZ reaction. The vector projection results
(dark blue) are plotted on the primary axis and the results using the DCCy (dark teal) and DCCgp
(orange) approaches are plotted on the secondary axis. Bottom: Concentration of Ce*" in the BZ

reaction as determined by the VP analysis using a 0.6 mM Ce*" standard solution.
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Fig. 8. Each cycle of the BZ reaction features a color change from colorless (Ce*") to yellow
(Ce*"). On the left, the color data are plotted in color space for a series of solutions with various
concentrations of a cerium(IV) salt and using false colors to indicate [Ce*'] within the range of
the BZ reaction studied (green) and [Ce*] > 0.72 mM (purple). On the right, a similar plot is

shown for the color data for one BZR cycle using false colors to indicate the reduction phase

(red) and the much shorter oxidation phase (blue).
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Fig. 9. Hysteresis loops of the [Ce*"] colorimetric analysis in color space for sequential
oxidation/reduction cycles of the cerium-catalyzed BZ reaction. False colors are used for
different cycles; cycles 3 - 7 are displayed left-to-right and top-to-bottom. The overlay of the
five cycles shows some migration of the hysteresis loop in RGB space, while maintaining shape-

stability.
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