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Abstract

This paper describes an application of PARAFAC2 in the modeling of kinetic-spectrophotometric data. The data were
obtained by spectrophotometric monitoring of the reaction between aminophenol isomers and NaNO, in acid solution. The
data set of various samples produces a three-way data array. This reaction has the property that isomers in different propor-
tions produce different kinetic profiles. Due this property, PARAFAC?2 is suitable to model the system because it does not
assume parallel proportional kinetic profiles. The results with PARAFAC2 were satisfactory, it being possible to recover the
spectral and kinetic profiles, as well as the initial isomer concentrations with good accuracy. © 2001 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Analytical methods that generate two-dimensional
data have become common in analytical chemistry.
Excitation—emission fluorescence [1], MS/MS spec-
trometry [2], HPLC with spectrophotometric diode
array detection [3], acid—base titrations using emis-
sion spectrofluorimetry at different excitation wave-
lengths [4] and kinetic spectrophotometric analysis[5]
are some examples of these methods. An important
characteristic of these methodsis the large quantity of
information obtained for only one sample. The situa-
tion is more complex when data of various samples
are compiled, producing a three-way array of data.

* Corresponding author.
E-mail address: ronei @igm.unicamp.br (R.J. Poppi).

The development of multi-way methods [6—8] allows
the use of the intrinsic tri-linear structure of the data
and makes it possible to solve many practical analyt-
ical problems.

The incorporation of rapid scan multichannel de-
tectors (Diode Array detector) [9] in spectrophotome-
try allows fast full spectra acquisition in the ultravio-
let /visible region. It improves the study of fast
kinetic systems, increasing their range of applica-
tions. Thus, kinetic analysis is an area of increasing
interest in analytical chemistry.

This kinetic spectrophotometric approach, to-
gether with chemometric methods, represents a pow-
erful tool to solve analytical problems as, for in-
stance, quantification and separation of structural
isomers, specifically position isomers, such as, o-
aminophenol, m-aminophenol e p-aminophenol.
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Fig. 1. Formation of azophenol from aminophenol and nitrite in
acid medium.

These isomers react with NO, by a reaction called
diazotization [10], producing aryl diazonium salts that
are more stable than aiphatic diazonium salts, as
shown in Fig. 1. At pH values higher than 4, the re-
action is slower and problems of coupling between
the diazonium salt and aminophenol isomers can oc-
cur. The formation of the aryl diazonium saltsin re-
actions with nitrite in acid medium (pH = 4) can be
spectrophotometrically monitored and gives informa-
tion about the initial reactant isomers, giving rise to
kinetic based determinations.

Investigative kinetic measurements of the reaction
of aminophenol isomer mixtures with nitrite in an
acid medium were performed before starting the data
treatment of thiswork. The mechanism does not seem
to betrivial because changing the concentration of the
reagents does not change the reaction rate in a direct
way. Therefore, a multivariate approach must be em-
ployed in order to achieve the identification and the
guantification of each isomer in the mixtures.

A data matrix is obtained by kinetic monitoring, in
several wavelengths, of the reaction between
aminophenol isomers and nitrite. The kinetic data of
different isomer mixtures produces a three-way data
array. In first mode are the absorbance measurements
of the different samples; the second mode consists of
absorbance measurements at different times and the
third mode is absorbance measurements at severa

wavelengths

wavelengths. A representation of the three-way data
generated is presented in Fig. 2.

There are several multi-way methods to process
superior order data, such as Partial Least Squares
(PLS three way) [11,12], Generalized Rank Annihila-
tion method (GRAM) [13], Direct Trilinear Decom-
position (TLD) [14], Tucker [15], PARAFAC1[16,17]
and PARAFAC2 [18-20].

In this work, PARAFACL was initialy used, but
the results were not satisfactory, probably due to the
non-uniformity on the changes of reaction rate with
the changes in reagent concentrations. This behavior
can not be modeled by PARAFAC1 since it assumes
constant profilesin all dimensions. In this case, a ki-
netic constant profile in the second mode is assumed.
PARAFAC2 was used instead, because the method
produces different profiles in the second mode and
maintains constant profiles of the first and third mode,
which seems to be quite suitable for the present sys-
tem.

1.1. PARAFAC1

PARAFACL is a generaization of Principal Com-
ponents Anaysis (PCA) [21] used for multiway data
modeling. A condition necessary for modeling of
three-way data, represented by X, with PARAFACL,
is that it can be modeled with the Direct Trilinear
Decomposition (TLD), given by the following equa-
tion:

™M

X= ) a;®b;®c (1)

f=1

where a;, b; and c; are the fth columns of loadings
matrices A, B and C, respectively.
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Fig. 2. Example of three-way data generated by reaction monitoring.
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Fig. 3. Decomposition of three-way data array for PARAFACL using three components.

For all matrix representations, the following cor-
respondence is used: lowercase is used for scaars,
lowercase bold for vectors, uppercase bold for two-
way matrices and underlined uppercase bold for a
third order tensor. The transpose of a matrix is repre-
sented by superscript “T”. The symbol ® represents
the Kronecker product, and the symbol |® | repre-
sents the Khatri—Rao product.

A graphic representation of the decomposition
with PARAFACL is show in Fig. 3. In thisfigure, the
vectors al, a2 and a3 form the matrix loading A, the
vectors b1, b2 and b3 form the matrix loading B and
the vectors cl, c2 and c3 form the matrix loading C.

The tensor X rearranged as a matrix with dimen-
sion | X JK can be modeled by following expres-
sion:

X=A(C|®|B)’ (2
A dab, X, can be calculated by:
X, =AD,BT (3)

Where X isaslab of dimension | X J and D, isthe
diagonal formed by elements of the kth row of C.

1.2. PARAFAC2
In some cases, the PARAFAC1 model can not be
applied because the three-way data structure is not

trilinear. The loss of trilinearity can be produced by
sampling problems, physical properties or chemical

b1,

I

interactions. Also, it can not be used when the vari-
ables of the different slabs are not comparable. Some
problems in the use of PARAFAC1 can be solved by
the use of PARAFAC2. This method was developed
to overcomethe difficulty in use PARAFACL in cases
in which a violation of the assumption of paralel
proportional profiles occurs.

The model of PARAFAC2 [22] is given by the
following mathematical expression:

X,=AD(PB)" ,k=1,...,K (4)

where: X, is a slab of data (1 X J) and K is the
number of slabs. A are the scores for the first mode
loadings, D, is a diagonal matrix that holds the kth
row of C in its diagonal, and C is the third mode
loadings. Bisan F X F matrix and P, isa J X F or-
thogona matrix, where F is the number of compo-
nents.
Eqg. (4) can be rewritten as:

Xk=ADkB[ (5)
and:
B,=PB (6)

Eq. (6) calculates the kth second mode loadings,
where B, has dimensions J X F.

A graphical representation of X decomposed by
PARAFAC?2 is shown in Fig. 4. In this figure, the
vectors al, a2 and a3 form the matrix loading A, and
the vectors c1, ¢2 and c3 form the matrix loading C.

b2, b3,

b3,

h2g b3

a3
Fig. 4. Decomposition of three-way data by PARAFAC2 using three components.
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Table 1

Samples and their initial concentration used in the PARAFAC2
model for simultaneous determination of o-, m- and p-
aminophenol

Sample o-Aminophenol mrAminophenol  p-Aminophenol

(pmol I71) (pmol 171 (pmol 171
1 91.6 0.0 0.0
2 0.0 146.6 0.0
3 0.0 0.0 229
4 45.8 110.0 115
5 45.8 110.0 229
6 45.8 110.0 34.4
7 45.8 146.6 115
8 45.8 146.6 22.9
9 45.8 146.6 34.4
10 45.8 183.3 115
11 45.8 183.3 229
12 45.8 183.3 34.4
13 91.6 110.0 115
14 91.6 110.0 22.9
15 91.6 110.0 34.4
16 91.6 146.6 115
17 91.6 146.6 229
18 91.6 146.6 34.4
19 91.6 183.3 115
20 91.6 183.3 22.9
21 91.6 183.3 34.4
22 1375 110.0 115
23 1375 110.0 229
24 1375 110.0 34.4
25 1375 146.6 229

The vectors loadings b1,, b1, and b1, form the ma-
trix loading B,. In a similar way, the matrices load-
ings B,, B, ..., By areformed.

2. Experimental
2.1. Reagents

P.A. grade o- (Carlo Erba), m- and p-amino-
phenol (British Drug Houses), sodium nitrite (Mal-
linckrodt), citric acid (Quimibras), boric acid (Merck)
and trisodium orthophosphate (Ecibra) were used.
Milli Q water was used in all preparations.

2.2. Experimental design

Stock solutions of the ortho and meta isomers
with concentrations of 4.582 X 10~ 2 mol | and of
the para isomer with a concentration of 1.145 X
1072 mol |1, were prepared in 0.06 mol |~ hydro-
chloric acid. From this stock, ternary and pure sam-
ples were prepared in a buffer solution (mixture of
0.310 mol 1~ boric acid, 0.078 mol |~ citric acid
and 0.045 mol 1! trisodium orthophosphate), to
maintain pH = 4. A set of 25 samples with different
concentrations of isomers was prepared. The final
concentrations at the reaction cell, to be mixed with
0.013 mol 1~ sodium nitrite are shown in Table 1.

2.3. Injection simultaneous kit

A home-made system [23], shown in Fig. 5, was
used for simultaneously injecting equal volumes of
reactant solutions into the reaction cell. This simulta-
neous injection system has a support of nylon (a)
where the glass syringes are fixed (b) for injection of
reagents. Glass bottles (c) serve as reservoirs of the
reagents. Each bottle is connected to a three-way
Teflon valve (d). The syringe pistons are fixed in a
support (e) that passes through an axle (f), impelled

] B~
| :ﬂ }]
1

Fig. 5. Simultaneous injection system.
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Fig. 6. Illustration of a typical data set obtained in the monitoring
of the aminophenol reaction with NaNO,, in the conditions stud-
ied in this work.

by a manua rod (g) located in piston (h). The man-
ual rod controls the flow that fills the reaction cell (i),
through polyethylene tubes (j).

2.4. Kinetic data acquisition

The reactions were performed at 25 + 0.1°C, with
solutions previously maintained at this temperature
for 1 h. Equal volumes of isomer solution and NaNO,,
solution were added using the system for simultane-
ous injection previoudly described. The spectra were
scanned from 276 to 488 nm, with 2 nm of resolu-
tion, at intervals of 3 s from an initial time of 1 sun-
til 28 s of reaction, using a HP8496 diode array spec-
trophotometer and a thermostated reaction cell (1 cm
optical path) with a Peltier system. The blank was
prepared by mixing equal volumes of the buffer solu-
tion and sodium nitrite.

Fig. 6 shows a data set typicaly obtained in the
monitoring of the reaction of aminophenol with
NaNO, at pH = 4.

2.5. Computer programs

The experimental data were processed in pro-
grams written in Matlab 5.0. The PARAFAC2 pro-
gram was developed by Rasmus Bro and is available
at http: / /www.models.kvl.dk /source/ .

3. Results and discussion

A set of 25 sample mixture of o-, m and p-
aminophenol isomers was used to construct the
model. The kinetic data collected was arranged in a
three-way array with dimensions of 107 X 10 X 25
(wavelengths, times and samples, respectively).

Several types of data pre-processing such as cen-
tering in the first mode (wavelengths) or in the sec-
ond mode (times) were studied and compared with no
centering results. Centering in more than one mode at
a time was not accomplished because it can destroy
the multilinear behavior of the data. It was verified,
using three components in the calculations, a de-
crease in explained variance after centering and no
advantages to the model were introduced with this
procedure. Based on these results, it was decided do
not use any pre-processing.

Restrictions of non-negativity in the first (wave-
lengths) and the third mode (samples) were applied,
since only positive values of absorbance and concen-
tration are meaningful. The iterative process stops
when the relative difference in fit between two suc-
cessive iterations is lower than 1 X 1075,

The number of components used in the construc-
tion of the model was based on the calculations of the
residual tensor E shown in Fig. 4. This tensor is ob-
tained from the difference between the experimental
data and the data predicted by the model. Once this
tensor is obtained, a sum of sgquares of the al ele-
ments is performed. The results are presented in Fig.
7. In this figure, it is possible to see that three is an
adequate number of components to be used in the
construction of the PARAFAC2 model, because the
sum of squared residuals is practically zero using

100

80 |

40 | -

20 |

sum of squared residuals

oL . -
1 2 2

INY

Number of components

Fig. 7. Evaluation of residual tensor E according to the number of
components applied in PARAFAC2.
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Fig. 8. (a) Spectral, (b) kinetics and (c) relative concentration pro-
files obtained by PARAFAC2 model for the isomers: (O) o-
azophenol, (+) m-azophenol and (@) p-azophenol.

three or four components. This result agrees with the
initial values expected, since there are three different
isomers being anayzed.

The PARAFAC2 model obtained with three com-
ponents decomposes the tensor X in a loading matrix
of spectral profile, 25 loading matrices of kinetic

profiles and a loading matrix of relative concentra-
tions of the three isomers. Fig. 8a shows a graphic of
the loadings corresponding to the first dimension of
the three-way tensor X. This matrix is formed by
three loading vectors, al, a2 and a3. Each ones fur-
nishes the spectral profile of each reaction product.
Fig. 8b illustrates the matrix loading of the kinetic
profile for one sample (8th sample). This matrix is
formed by threeloading vectors b1, b2, and b3, and
represents the kinetic profiles of each isomer for the
8th sample. Fig. 8c is the plot of the loading matrix
of the third dimension. This matrix is formed by
loading vectors c1, c2 and ¢3, and supplies informa-
tion on the relative concentrations of each isomer in
each sample.

A linear regression can be performed between the
relative concentrations C supplied by loadings of the
third dimension and the experimental concentrations
C; of isomer in the samples. Thisrelation can be used
to estimate the isomer concentrations, it being possi-
ble to quantify each isomer in the mixture. The re-
sults for prediction of isomer concentrations are
shown in Fig. 9.

The RMSEP (root mean square error of predic-
tion) can be used to estimate the error in the concen-
tration prediction, and was calculated by Eq. (12):

Y(C; —Cp)?
RMSEP=\/—£—%G—EL

where: C; is the experimental concentration, Cg is
the estimated concentration, and N is the number of
samples.

(12)
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Fig. 9. (O) Experimental and (@) estimated concentrations for (a) o-azophenol, (b) m-azophenol, and (c) p-azophenol.
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Fig. 10. (O) Experimental and (@) estimated spectral profile by PARAFAC2 for (a) o-azophenol, (b) m-azophenol and (c) p-azophenol.

The RMSEP values were 3.05 wmol 171 for the
ortho isomer; 10.76 wmol 1= for the meta isomer
and 2.17 wmol 1~ for the para isomer. According
to the results presented, the PARAFAC2 model was
able to predict the isomer concentrations with ac-
ceptable accuracy.

The normalized spectra of the first dimension
loading and the normalized experimental spectra for
each isomer’s reaction product are presented in Fig.
10. The experimental spectra were obtained by moni-
toring the reaction of a single isomer. It can be ob-
served that the experimental spectra are similar to the
spectra estimated by PARAFAC2. The spectral range
with more differences between the normalized exper-
imental spectra and that predicted by the moddl is
from 276 to 360 nm where a significant superposi-
tion occurs. In addition, the maximum absorption of
the spectra obtained by PARAFAC2 for all isomers
agrees with the experimental value. The wavelength

O
2

of maximum absorption for the o-azophenol isomer
is 398 nm, for the m-azophenol isomer, it is 276 nm,
and for the p-azophenol isomer, it is 349 nm.

As result of the PARAFAC2 data modeling, 25
kinetic loading matrices were obtained, correspond-
ing to the 25 different samples prepared (variables of
the second dimension). The kinetic result comparison
between the PARAFAC2 value and the experimen-
tal, can be made easily for ortho isomer, because it
presents a spectral region (above 400 nm) without
overlap. According to the results, a good agreement
was observed between the experimental kinetic
curves at 410 nm and the PARAFAC2 model for or-
tho isomer, as can be seen in Fig. 11aand b for sam-
ples numbers 4 and 6. This figure also presents the
kinetic curve obtained by PARAFAC1 modeling cal-
culated at the same conditions as PARAFAC2. This
PARAFACL kinetic curve shows significant differ-
ences with the experimental data.
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Fig. 11. Kinetic profiles at 410 nm for o-aminophenol using (O) experimental data, (@) PARAFAC2 model and (*) PARAFAC1 model.

(a) sample 4 and (b) sample 6.
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4, Conclusion

In this paper, it was demonstrated that, using
PARAFAC2, it was possible to model kinetic data
obtained by the reaction between aminophenol iso-
mers and nitrite. The spectral profiles recovered by
the model for each reaction product present a good
similarity with the experimental spectra obtained in
the reaction of samples containing only one isomer.

The concentrations estimated by the calibration
model developed present a good correlation with the
true concentrations, making it possible to quantify
isomers mixtures with acceptable accuracy.

The model provides kinetic curves for o-amino-
phenol, in good agreement with the kinetic curve ob-
tained by monitoring the single ortho isomer reac-
tion.

The PARAFAC2 can be applied to model intri-
cate reaction systems, that can not be modeled by
other chemometric methods, such as PARAFACL,
which presume a common kinetic profile for each re-
action product in al samples.
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