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A new application of the mean centering of raji@cra method is proposed for estimation of the cainstants of second
order reactions, using kinetic-spectrophotometatadThe method is based on the mean centerifgeahtio spectra to obtain a
kinetic profile of the product. Using computatiofifiing, the rate constant can be obtained witteowt ambiguityAn interesting
feature of second-order reactions is that the nurobsteps in the reaction is less than the nurobabsorbing species, resulting
in a rank-deficient response matrix. Through usimg mean centering of ratio spectra, the pure nespof the product of the

reaction could be obtained, and thus an accurait®ason of rate constant would be possible. Theliapbility of the method
was evaluated by using several model data. Theiogeaof 1,2-naphthoquinone-4-sulfonate sodium (N@8Y 3-nitroaniline
(TNA) in ethanol as a real system was also studpalying the proposed method.
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INTRODUCTION

Investigating reactions to obtain kinetic inforimoat such
as rate constants is a useful and common approactodern
chemistry [1-2]. Therefore, reaction rate methode a
becoming increasingly important in analytical chstmyi.
Their present degree of development relies heawrilyecent
breakthroughs in instrumental design and, espgciafi the
incorporation of microcomputers into analytical ctieal
configurations [3].

The on-line spectra recordém a reaction mixture can
form a two-way data matrix that includes substamtieemical
information such as the reaction kinetic profiledahe pure
spectrum of each component,
intermediate. Such information can be evablitteough an
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analysis of the two-way spectroscopic data by meapsoper
chemometric algorithms. When the individual compuaéen
the reaction mixture have a dominating responsectsge
range, some common methods such as non-lineardgaates
fit can be used to extract the kinetic informatamcording to
the absorbance data at a single wavelength [4uemly,
there is extensive kinetic and spectral overlapvbeh the
components [5]. Many studies on solving the kingtiocess
and extracting the absorption spectra from the wag-data
have been published. Most of these studies arentede
towards consecutive first-order reactions. Thesethaus
include non-linear least squares fitting [4], raamknihilation
factor analysis (RAFA) [6], time shift trilinear rdels [7,8],

including the unstabléarget testing [9,10] and curve resolution [11]eTéxtended

Kalman filter has been applied by Mok and Chau [f@2]
determine kinetic parameters of first-order consgeu
reactions. Estimation of the reaction rate constémin a two-
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step reaction and a comparison between the two-aval
three-way methods have also been published
Recently, a new multivariate analysis tool, namBEFCRA

(direct exponential curve resolution algorithm)atths based
on the generalized rank annihilation method (GRAKMas
been developed by Windiget al. [17] for resolving
consecutive first-order reactions. Vega-Montoto svehtzell

[18] have more recently described the implementatid

maximum likelihood parallel factor analysis (MLPARAC)

in conjunction with DECRA, and have applied thisagtgy to
the resolution of simulated and real experimentaiadof
consecutive first order-reactions.

methods: (i) use of multiple linear regression tbtain

[13-16toncentration profiles and fit kinetics informatjofii) rank

augmentation using multiple batch runs; (iii) difface
spectra-based approaches; (iv) mixed spectral appes that
treat the reaction as two independent pseudo-speaiel (v)
principal component regression for two simulatethdsets of
second-order reactions. A methodology was propdsgd
Ubide et al. [26] employing the reagent profiles obtained in
coulometric or volumetric experiments when theatitn
reaction is slow. The proposal consists of theaigae whole
signal-time profile for the reagent to charactetize sample,
by using multivariate calibration methods. The erggrofiles

Some kinetic processes have complex mechanisms ahave been simulated for a slow second-order reaetial their

thus are hard to be expressed by simple matherhatadels.
Furthermore, the apparent reaction order may varing the
reaction. Several methods have been reported te salch
problems, including self-modeling curve resolutj&8], hard-
soft multivariate curve resolution [20], iterativearget
transformation factor analysis [5] and non-linesadt squares
regression [21].

An intrinsic difficulty in the study of kinetic-
spectrophotometric data of second-order reactiansthie
presence of closure rank deficiency. Several papave been
published on solving the kinetic process of secordbr
rections from a two-way data. Duehal. [22] have developed
a program for the implementation of a mathematiestment
that corrects for a concentration gradient withia stopped-
flow observation cell for reversible second-ordeaation
kinetics studied by longitudinal absorbance meanergs.
Polster and Dithmar [23] have presented a methodtte
spectroscopic kinetic analysis of first and secordker
reactions on the basis of multidimensional
diagrams. Typically, these diagrams represent
dimensional plots. The so-called Mauser space

possibilities for quantitative purposes have bealumted. A
second-order  reaction between benzophenone
phenylhydrazine to give benzophenone phenylhydmzoas
followed using UV-Vis and mid-infrared spectrosaoprobes
[27]. Established kinetic (hard) and partial lesgtiares (soft)
modeling chemometric methods were applied to bathskts
to compare the information acquired with each probe
Carvalhoet al. [2] also investigated the influence of three
sources of error, namely, instrumental noise, erior
determining initial concentrations and calibratiof pure
standards, and the determination of rate constaots the
resultant spectra for the second-order reactionselvie
methods involving a mixture of multivariate and édic
models for estimating rate constants were compareilve
groups (MLR, Rank Augmentation, Difference Spediutixed
Spectra and PCR). The behavior of the error surdiegends
on the information required by each algorithm. e studies
cited above, the best results were obtained usemk r

and

absarban augmentation; however, this requires two or motehss run
twounder stable instrumental conditions.
is The present work presents a new application ofnrmea

multidimensional (n> 2). The axes of this space are centering of the ratio spectra method for estinmtibthe rate

established by the absorbances or absorbanceetiffes of n
wavelengths. A reaction system that consists orilyore
linearly independent reaction step (s = 1) leads &iraight
line in Mauser space. This line is obtained indeleen of the
reaction order of the system. These authors haeaplied
the said method to the spectroscopic-kinetic amabysa non-
linear system consisting of two reactions of secontbr [24].
Thurston and Brereton [25] have discusse@ fivoups of

constants of second-order reactions using kinetic-
spectrophotometric data. The method is based onmizn
centering of ratio spectra that was recently preposor
simultaneous analysis of binary and ternary mixtuyeth for
thermodynamic and kinetic data analysis [28-31]cdRdly,
the kinetics of consecutive reactions were inveséig by the
method of the mean centering of ratio spectra t@mintrate
constants and the spectra of the componewtdvied [32].
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Mean centering of ratio spectra was also appliegrestreat
kinetic-spectrophotometric data prior to rank amatfon
factor analysis method for the analysis of unkn@amples
[33].

For the two-way Kkinetic-spectral data measured
chemical reactions, the pure spectrum of eachastican be
obtained, while that of the intermediate and/orlffiproduct
(in the case of second-order reactions) usually aresn
unknown, and the concentration profile of each &em the
reaction is not directly available; but they do rge according
to certain kinetic functions. With the spectra bé treactants
available, the rate constants of the second-ombtions are
deduced by mean centering of the ratio spectraalticular,
mean centering of ratio spectra is used to entietyove the
contribution of the absorbing reactant (s) fromdhaga matrix,
and therefore, their absorbances are eliminatede,Hee
present a theoretical formulation of mean centeohgatio
spectra to eliminate the contribution of absorhiegctants in
second-order  reactions.  Several two-way

reaction and are spectroscopically active. Theetdfftial
equations for the involved components are as falow

- -9IRLE = kpaleY @
In R:A o B or - P

The reactants and product kinetic profiles weneegated
by numerical integration of the differential equati For this
purpose, the ODE23 function in MATLAB7 was applis

function[t,P] =ode23(@kinfun_2ndorder,[ty:inc:t{],
Pol.[ 1. K);

[Ao Bo

function,dCdt = kinfun_2ndorder(t, C, k);
dCdt = [-k* C(1)* C(2);-k* C(1)* C(2);k*C(1)*C(2)];

where [tinc:t] is the time (t) vector, including starting,

kineticincrement and final time, [A B, Py] is the vector of initial

spectrophotometric data were simulated, and the#am concentrations (C), and k is the rate constanhefsimulated

centering of ratio spectra, which gives the puspomse of the
reaction product during the time of the experimgmtgre

calculated. Then a computational fitting was useddgtimate
the reaction rate in a simple manner. In addittbe, reaction
of 1,2-naphthoquinone-4-sulfonate sodium (NQS) &d
nitroaniline (TNA) was analyzed as a real secordkor
reaction, and it was proved that this approachctbel applied
successfully to the analysis of practical systems.

MATHEMATICAL DESCRIPTION
In this paper, reactions of the form
A+BORG%- P

1)

are studied, where A and B are the reactants tfeiproduct

reaction.

Alternatively, the exact solution of the concetitia
profiles of the involved components for a secondleor
reaction is given by [1,2,34]:

([B]o_[A] oI A 0

A], =
Al [Bloexp(k ([B],~[Al,)t) 1A,

[B], =[Bl,([A,14)
[P], =[PI, + ([Al, —[Al})

where [A}, [B]o are the initial concentrations of the two
reactants A and B, [PRJis the initial concentration of the
product P, and k is the rate constant. It shoulddied that the
only restriction of exact equations is that the ti@hi

and k is the rate constant while @enotes the second-order concentration of reactants should be non-equab §ABlo ).

reaction. For the purposes of this model, it isuesed that no
side reactions take place. It should be noted, kiewehat in
the proposed method there is no need to give sefftitime to
the completion of the reaction, and, therefore,oimplete

reactions can also be studied. In addition, alkoled species

are assumed to be in solution over the period afitnong the
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The data set (D) in Fig. 1 was simulated from artificially
constructed UV-Vis spectra and kinetic profilese@ented in
Figs. 1a, b). It is formed by 101 spectra (0-50@ith 5 s
increments) of 201 absorbance values (400-600 nth wi
increment 2 nm). This data set belongs to the sitedl
reaction with initial concentrations of 1 and 1fFeactants A
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Fig. 1. A case simulated overlapped spectra of spegie®

and P (a), the kinetic profiles the reactants and
product for k = 0.024*¢b) and the resulting data set

(©).

and B, respectively, with k = 0.024".sThe other data sets
(Table 1) were simulated in the same manner a$ using
different initial concentrations of A, B and difeart rate
constants, k.

The relative concentratian at different reaction times can
form a column vecton;, which is referred to as the kinetic
profile ofi-th species (indices i refers to A, B or P). Assuming
that each species is absorptive in the measureclaerayth
range, a two-way data matrik with rank 2 can be formed by
measuring the absorbance at different wavelengdtlassaries
of chosen times. Apart from the residual error irgatrne can
write:

Y:qu£+deE+qpeg:QET (3)

where q, is the kinetic profile (column vector),e™ is the
absorption spectrum (row vector, and the supensciip
denotes the transpose of a matrix or vector). e letterse
andQ represent matrices formed by the pure spectrunttand
kinetic spectrum of each species, respectively. tMifsthe
time, the pure spectra of reactantg)(and (g,) are known
prior to the start of the reaction, while the spatt of the
product (g,) in a second-order reaction is usually unknown.
By using ternary mean centering (MC) of ratio spett
analysis [29-31], the kinetic profile of produ@gp) can be
easily resolved.

For the two-way kinetic spectral dataYfif the elements
of rows (Y(i,;)) are divided by the elements of e,,
corresponding to the spectrum of reactant (A), fitet ratio
spectra are obtained in the form of Eq. (4) (tobémaroper
division, the zero values oéA should not be used in the
divisor):

D:Y(i,%A:q(i)A+quB L 908 (4)

A eA

If the matrix D is row mean centered, Eq. (5) would be
obtained:

MC (D) = MC [qse;}, MC {qpew (5)
e

A eA

By dividing each row of MAD), shown as MC(D)(i,:) in Eq.
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Table 1. The Results for Applying the Proposed Method onegavSimulated Second Order Reactions
with Different k andffgrent Initial Concentration of Reactants

Simulated concentration and rate constants Estthrate constant
Exp. No [A] [B] k (sY) k (sY) RSE (%}
1 2.0 1.0 0.01 0.0101 1.0
2 2.0 1.0 0.06 0.0604 0.7
3 2.0 15 0.001 0.00105 5.0
4 2.0 15 0.007 0.0071 1.4
5 15 0.5 0.014 0.0138 -1.4
6 15 0.5 0.019 0.0188 -1.1
7 1.0 0.25 0.1 0.1025 2.5
8 1.0 0.25 0.15 0.1546 3.1
9 1.0 0.5 0.01 0.0102 2.0
10 1.0 0.5 0.055 0.0545 -0.9
11 1.0 15 0.024 0.0241 0.4
12 1.0 15 0.07 0.0071 1.4
13 0.75 1.0 0.06 0.0591 -1.5
14 0.75 1.0 0.1 0.0993 -0.7
15 15 0.75 0.055 0.0559 1.6
16 15 0.75 0.2 0.1949 -2.6
17 2.0 0.75 0.18 0.1866 3.7
18 2.0 0.75 0.024 0.0241 0.4
19 1.25 0.5 0.095 0.0969 2.0
20 1.25 0.5 0.2 0.2008 0.4

Relative standard error

(6), bymcC(e,/e,), €lement by element, (for calculating

Each row of matrix. depends on the concentration of the

MC(e,/e,) » the spectrum of the component B is divided byproduct @p), therefore, plotting every column bfversus time

the spectrum of component Alement by element, and the
obtained ratio profile is mean centered), the secaatio

spectra are obtained:

b =M@Y

Now, if Eq. (6) is row mean centered, Eq. (7) woldd

obtained:

L =MC(U)=MC

MC (q,e; /e,)
MC (e; /e,)

MC (q,e; /e,)

MC (e /e,)

950

+as(i)

will give a pure kinetic profile of the product.railly, the rate
constants of the reactions can be simply reacheauoye
fitting. For this purpose, thieninsearch command of MATLAB
was applied The fminsearch finds the minimum of a scalar
function of several variables, starting at an ahitestimate.
This is generally referred to as unconstrained inear
optimization. Fminsearch uses the simplex search method
[35]. This is a direct search method that does usé¢
numerical or analytic gradients. Alternatively, trather
commands such adlinfit or Isgnonlin could be applied. These

(7)commands use the Gauss-Newton Method eerilgerg-
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Marquardt algorithm. Thésgnonlin command not only gives
the estimated parameter (s) but also provides stienated
error in the fitted parameters.

SOFTWARE

All calculations in the computing process were @an
Matlab7.0.1. The programs for simulation of data amean
centering of ratio spectra were written in MatldbZ. In
addition, theODE23 andfminsearch commands of MATLAB
were applied for simulating and fitting the kinepifiles.

RESULTSAND DISCUSSION

Simulated Data

To evaluate the performance of the method, segetalof
kinetic-spectral data were created. Simulated apped
spectra of species A, B and P (matxwere produced by a
Gaussian function in the range of 400-600 nm (Hig).
Kinetic profiles of reactants and the product (iixa®) in the
second-order reactions were produced as Eqgs. {(&-2he
range of 0-500 s (Fig. 1b). By multiplying by E, the two-
way data matrixY) with dimension px n, can be calculated

(n; and n, denote the number of time and wavelength,

respectively). Random noise was added to the gttesat of
artificial data to test the method more rigoroustythis step,
after creation of the kinetic profiles of the bipanixtures,
random noise of +0.005 absorbance unit was addezhth
profile, the procedure was followed as explainedvab and
the rate constants of the modeled reaction in tisyrsignal
was predicted (Fig. 1c).

Figure 2 shows the steps of mean centering aj sgtéctra
explained in the previous section. The pure respafsthe

product of the reaction versus monitored times.uf€g3
represents the spectrum of the product of this ti@ac
obtained by the procedure in question, which idyfih

agreement with the simulated one.

The results of all the simulated data sets arsemted in
Table 1. There is good agreement between the ssimtfteand
predicted rate constants, showing the applicabitifythe
method to noisy systems.

Experimental Data

The proposed algorithm was applied to investigate
particular second-order reaction. The reaction betw1,2-
naphthoquinone-4-sulfonate sodium (NQS) and 3-aitilne
(TNA) was monitored spectrophotometrically. It wimind
[36] that 1,2-naphthoquinone-4-sulfonic sodium (N@8uld
react with amino group of primary amine derivatiyenino
group of 3-nitroaniline (TNA) displays nuleophiligi So,
TNA can react with sodium 1,2-naphthoquinone-4endte
in a nucleophilic substitution reaction. The prdeabecond-
order reaction between 1,2-naphthoquinone-4-suléona
sodium and 3-nitroaniline in ethanol is represernte8cheme

In this study, 2.8 x IHM of NQS and 3.36 x THM of
TNA were monitored in ethanol as the solvent af@9The
spectra of the reactants, NQS and TNA, are predent€ig.

4, which also shows the monitored spectra of thaction at
different times.

The obtained data (& n,) were handled by the proposed
method, as explained above. The pure spectra aktmants
(NQS and TNA) were used as divisors and their doutions
were eliminated from the data set.

For the two-way kinetic spectral data of NQS andAT

product (kinetic profile ofP) is also shown in Fig. 2e. The reaction(Y), if the elements of rows (Y (i,:)) are dividedby the
result offminsearch fitting for a case data is also presented inelements of ¢ ., corresponding to the spectrum of 1,2-

Fig. 3.
Provided that the rate constant or the kinetidil@®of the

naphthoquinone-4-sulfonate sodium (NQS), the firatio
spectra would be obtained according to Eq. (4) tvisacalled

reactants d» and gg) are available, the pure absorption D.
spectrum of the product component can be reached by If the matrixD is row mean centered according to Eq. (5),

subtracting the contribution of reactants (A andd®)that:

T T T
qa.&, =Y —Qa€s —0g€p

MC(D) would be obtained. By dividing each row of Mi(
shown as MC(D)(i,:) in Eq. (6), WC(GTNA/GNQS)' element by
element, the second ratio spectra are obtained whichliscca
U (for calculating MC(€nn/Enos) * the spectrum of the TNA is

Whereqpe; is a matrix that represents the pure spectréef t divided by the spectrum of NQ&8ement by element, and the
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Fig. 2. (a): The ratio profiles which obtained by dividitige simulated data by reactant spectrag), (b): the mean

centering of ratio profilegc): second ratio profiles were obtained by dinglby MC(e,/e,), (d): Mean
centering of these vectord (e): the concentration profile of the product.
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Fig. 3. The results of applying the proposed method o
simulated data (the calculated kinptixfile and
spectrumef and the simulated ones—)). The
kinetic profile was estimated bytifiy and the
spectrum of product of reaction was dalimd by
subtraction the contribution of reacsainbm data.

obtained ratio profile is mean centered). Nowh# matrixU

is row mean centered according to Eq. (7), theimnatwould

be obtained each row of which depends on the coratem

of the productdy), and, therefore, plotting every columnlof
versus time will give a pure kinetic profile of thproduct.
Finally, the rate constants of the reactions cansimeply
reached by curve fitting.

The ratio and the mean centered ratio profilesthaf
experimental data are represented in Fig. 4. Tingusar value
decomposition of this data set and those of meateped ratio
spectraD andL) are presented in Table 2. These indicate that
the rank of the original dat¥}j and the first mean centered
ratio spectra) is 2, but the singular value decomposition of
the 2" ratio spectra l{) revealed that there was only one
component. Therefore, it can be concluded thatddia set
belongs to a one-step, second-order reaction, bec#uwe
contributions of the reactants (NQS and TNA) haesrb
totally eliminated by the proposed method.

Accordingly, by eliminating the contribution of tho
reactants from this data set, the pure responsthéoproduct
of the reaction could be reached (Fig. 4). Thetikingrofile of
the product of this second-order reaction was abthiby
plotting the amplitude of the resulting spectrahat maximum
or minimum wavelength shown in Fig. 4 versus time.

In addition, Fig. 5 represents the result of cuitteng for
this data set. The rate constant for this reactiaa estimated
as 213 mift.

u] HH2 ]
= ethanol =
. —_— + HEOy
NO
S07 NH

NOZ

Scheme 1. The probable second order reaction between JpBthaquinone-4-sulfonate sodium and 3-

nitroaniline in ethanol
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Fig. 4. Absorption curve of two-way kinetic-spectrareéction between reaction of 1,2-naphthoquinonaHbsate sodium
(NQS) and 3-nitroaniline (TNA) in the eth&solvent, the pure spectra of reactants (NQS awd)Tthe ratio profiles
that obtained by dividing the data by reat&pectruméygs), the mean centering of ratio profilegcond ratio profiles
were obtained by dividing Wc(emA/eNQs) , mean centering of these vectors and the condmemtiarofile obtained for

the product of the reaction.
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Table 2. Singular Value (SV) Decomposition of Experimeridata and Mean Centered Ratio Spectra

No. of SV Data Mean centered ratio spectr®)L ( 2" Mean centered ratio spectta)(
1 97.8515 0.024664 0.080804
2 10.1502 0.0010031 0.000244
3 0.3142 1.93E-04 0.000124
4 0.0968 7.56E-05 9.31E-05
5 0.0685 5.97E-05 9.03E-05
6 0.0668 5.18E-05 8.23E-05
7 0.0615 3.97E-05 7.54E-05
8 0.0583 3.75E-05 7.19E-05
9 0.0542 3.50E-05 6.86E-05
10 0.0496 3.28E-05 6.21E-05
0.006 Provided that the rate constant or the kinetidifg®of the
- 0.005 reactants duos and grna) are available, the pure absorption
;c_.(—; 0.004 spectrum of the product component can be reached by
% 0.003 subtracting the contribution of reactants (NQS &id), so
£ 0002 that:
)
0.001
0 | | | q pe; =Y-q NQSeLQS “ U eINA
0 20 40 60 80 where q,el is a matrix representing the pure spectra of the
time (min) product of the reaction versus the monitored tinkégure 5
represents the spectrum of the product of the icgaobtained
25 by this procedure.
CONCLUSIONS
o In this research we used the mean centering iof spectra
§ to estimate the rate constants of second ordetioeaavithout
< any ambiguity. The proposed algorithm was simpleryv

0 1 1 1 1
305 355 405 455 505

Wawelength (nm)

sensitive and easy to understand and apply. Sesienalated
555 data, as well as the reaction between 1,2-naphthoge-4-
sulfonate sodium (NQS) and 3-nitroaniline (TNA)édthanol
as a real system were evaluated by the proposdubrhethe

Fig. 5. The results of applying the proposed metiood  results were all satisfactory. The proposed mettmdd also
experimental data (the calculatedad@) and the  pe applied to the investigation of the reactionthweaction
fitted ones<-)). The kinetic profile was estimated  grders other than 1 with respect to each reactiet sampling
by fitting and the spectrum of protif reaction  time intervals may be equal or not. Although thecsga of the
was calculated by subtraction theticoution of reactants must be known for the application of gheposed

reactants (NQS and TNA) from data.

method (and this may be a disadvantage ofmitdod), an
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important advantage of the method, as mentionedeghis
that it can be used for resolving the kinetic pesfi of
unknown reaction models.e. O, in Eq. (1) does not have to
be 2. In other words, the method is suitable ndy éor the
proposed method could also be applied to reactistess in
which one of the reactants, or even the produelfjts a non-
absorbing species.

In these cases a binary mean centering of ratiotsp[29-
32] could be applied instead of a ternaryone seawvddr
reactions, but also for reactions with fractionalers, ' order
or higher order, with respect to the reactant (s).
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