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The problem of distinguishability of rate
constants in the two-step consecutive sequence
A_-B_-C

John Andraos

Abstract: A detailed analysis of the absorbance versus time functional forms of the chemical species in the
consecutive two-step unimolecular reaction scheme is presented. Distinguishability of rate constants is discussed with
respect to the characterization of growth—decay and decay—growth curves and the rate constant — reaction step
ambiguity. A new method based on the functional form of the absorption extremum involving the intermediate B with
catalyst concentration is proposed to overcome the problem of rate constant assignments.

Key words reaction mechanism, kinetics analysis, physical organic chemistry.

Résumé: On présente une analyse détaillée de I'absorption en fonction du temps des formes fonctionnelles des
espéces chimiques dans deux étapes consécutives d'une réaction unimoléculaire. On discute de la différentiation des

constantes de vitesse par rapport a la caractérisation des courbes de croissance—décroissance et décroissance—croissanc

et de la difficulté d’'identifier I'étape déterminante de la constante de vitesse de la réaction. On propose une nouvelle
méthode basée sur la forme fonctionnelle de I'extremum d’absorption impliquant I'intermédiaire B avec une
concentration du catalyseur pour surmonter le probléeme d'attribution des constantes de vitesse.

Mots clés: mécanisme réactionnel, analyse cinétique, chimie organique physique.

[Traduit par la Rédaction]

Introduction absorbance functions of each of the chemical species, A, B,

The determination of rate laws and reaction mechanisma/r:?o)c:i:ge’ 2228? :lnoyegﬁdfi—(gz)c]: v(\)n:ltilmgale?gn(dllﬂg; S

is of fundamental importance in chemistry. Indeed, the disci-

pline of physical organic chemistry was born with these con{2a] A, = A0 exp[-kf

cepts at its centre and continues to be rich in this tradition in

current pure and applied organic chemistry research. Mo _ AoF€B Kk LA _
notably, the area of kinetic and spectroscopic characteriziZb] P =M e -k, xp[ ol — exip —kit]}
tion of reaction intermediates has benefitted greatly from

reaction mechanism analysis. There exist cornerstone refe 2q]
ences on the subject of solution-phase chemical kinetic

which describe in detail various kinetic systems and the 0
time-dependent behaviour of their component chemical spe- O%% ” (ky exp[-kot] =k, exd-kt) O
cies (1-6). 17 "2 O

One such reaction scheme is the two-step consecutive uni-
molecular transformation given in eq. [1] with associated where A} represents the initial absorbance of A at time zero,
rate constantk; andk,. Note that the subscript labels for the ande,, &, andeg represent the absorption coefficients of A,
rate constants, 1 and 2, refer to step 1 and step 2, respet:.@nd C. respectively.
tively, in the sequence. This paper presents a new detailed analysis of this kinetic
system encompassing that found in the traditional works
[1] A ka B ke c cited above. More importantly, the less well-documented ex-
oo perimental problem of assigning calculated rate consté&pts,
and k,, obtained from nonlinear regression analysis to the
gppropriate steps in the reaction sequence is addressed. This
problem has been documented by a few authors, and essen-
t|aIIy two methods have been described which deal with the

This particular kinetic system is well known with several ex-
amples cited in the literature (1-14). The time-dependen

Received October 5, 1998. ambiguity of rate constant assignments (7—15). These meth-
This paper is dedicated to Jerry Kresge in recognition of his 0ds rely either on Inc_lu5|on of addm(?n?' chemical knO\{V"
many achievements in chemistry. edge or on analysis of the variation of absorption

3. And 1p tment of Chemistry. University of coefficients to remove the ambiguity. A method based only
- Ancraos.- bepartment of ~nhemistry, University o on the behaviour of the extremum absorption of the interme-
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diate B is presented here. This method is universal and is
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Fig. 1. Absorbance-time functions for species A, B, and C fitted Properties of the two-step consecutive
according to egs. E-[2c]: (a) k; = 1° s, k, = 10* 54, AQ =

sequence
1,eplen =1,8lea =1; () kg = 100 s k, = 10°P s, AD =1, a
eglen = 1, ecley = 1; and ¢€) fitted according to eqgs. E—[5c]: We begin by reviewing the properties of the absorbance—
kp =10 st k, = 100 sL, A = 1, /60 = 1, ecfen = 1. time functions pertaining to eq. [1]. It is instructive to exam-

ine the following three casest) (k; > k,, (i) k, > k;, and
(i) k; = k, = k. For caseil, eqgs. [&]-[2c] apply as written.

@ 1 T ] For casei{), egs. [&]-[3c] given below apply.
08 1 Ba A=A expl-ki
06 4 %
. | As AR@*BEE%EGXD[—M] - expl—kol]}
‘.E 04 } . A 2~k
2 . ] [3c] A
- : 0 FC 1 .
of ; =A% = (ko exp[+i] -k ex—kof)
i ] A ko — kg O
-0.2 P S T PR (S S S (N S S S S S PR S T
0 0.0002  0.0004  0.0006 00008 0001 00012 It should be noted that the sets of eqalf2c] and [Z]-
time/s [3c] are identical. Multiplication of the numerator and de-
® 1 I nominator by —1 in the termlg/(kl—kz) anq 1/(<1—.k2) in
c - egs. [d] and [], respectively, leads immediately to
[ ] egs. [d] and [X]. For case i{i), settingk; = k, = k in
08 I ] egs. [A]-[2c] results in indeterminate forms forgfand A..
i ] A mathematical manipulation employed to overcome this
g o6t - problem is to express one rate constant as a multiple of the
3 [ ] other and then to find the limiting expressions as this factor
2 o4l b approaches unity. Hence, settikg= nk; where 0 <n <
< 1 leads to the set of egs. 4§-[4c].
L A ]
02 7 [4a] A=A exp[-kf
L B i
] H 1
0 Lo Lo 4b — AO[FB ki - —
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 [ ] AB AA%ED’] _1§9Xp[ lﬂ exm nl@l}
time/s
c© 11— — AO[FC _ 1 kil — - [
' ' —C ] [4c] Ac=As (n exp[-kf - exd-nk}) O
] A n-1 0
A ; Taking the limit of eqs. [4]-[4c] as n - 1 and using
I ] I'Hépital’s rule (16) results in egs. B—[5c].
8 06 i
g I ] Bl A=A expl-ki
2 0.4:— -
| B A= A&ﬁé@kt exp[-Ki
02 h B ] A
oW = 50 A=REC -0 enl K
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 A

time/s
As is readily apparent, the set of eqsaJ44c] conve-
niently describes all three cases: caeotcurs when 0 <0
experimental information to overcome the problem may be< 1, casei{) occurs when 1 <n < o, and caseiif) occurs
difficult to obtain. whenn = 1. This manipulation of representing one rate con-
Explanations given in the literature of the apparent mathestant as a multiple of the other is very useful and will be-
matical ambiguity in this kinetic scheme vary depending oncome important in later analyses.
the author and are either incomplete or somewhat cloaked in A detailed analysis of the forms of the functions describ-
confusing language. In addition to presenting a new methodng the time-dependent absorbances of species A, B, and C
it is intended to also provide a unified analysis of the prob-reveals a number of important characteristics. Figsclil-
lem which ties all ideas together in a concise and clear fasHustrate graphically the three absorbance-time functions for
ion without sacrificing rigour. each of the cases given above. The absorbance—time func-
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Table 1. Possible chemical species observed at a given monitoring wavelength.

Number of chemical species observed at Number of possible Possible chemical species observed at
given monitoring wavelength experimental outcomes monitoring wavelength

1 3 AorBorC

2 3 Aand B, or Aand C, or B and C

3 1 A, B, and C

tion for species A is simply a first-order decay with an ini- Possible experimental outcomes

tial absorbance equal 8% and a limiting final absorbance ) ) . ]

(t - ) equal to zero. The absorbance—time function for spe- If @ chemical system is described by the reaction mecha-
cies B is characterized as concave down with a single maxi2ism of eq. [1], then there are several experimental possibili-
mum. The initial and limiting final absorbances are bothti€s for observing the chemical species depending on the
equal to zero. The maximum point in the absorbance—tim@umber of species observed at any one time according to a

function for B has a value given by particular property. For example, in the case of a kinetics ex-
periment conducted using UV-vis spectrophotometry, if each
1 e _ chemical species has a characteristic monitoring wavelength
— A0 B 1, — . . . .
[6a] AF™ = &%Eﬂj@n /8 — (3] unique to that species, then it is possible to observe the

absorbance—time evolution of each component separately. In
practice such an ideal situation is rarely encountered, and
hence usually several combinations of species may be ob-
1 Bm n H served at once. Table 1 summarizes the various possible ex-
[6b]  tn _?En 10 perimental situations, and Tables 2-4 list the possible
1 absorbance—time functions for observing one, two, and three
chemical species at a given monitoring wavelength, respec-
tively. Note that the entries in Table 2 correspond to the
equations and properties given in the previous section.
k, E At this point it is important to examine the general case of

occurring at

wherek, = nk;, 0 <n < c. Note that the co-ordinates of the
maximum for each of the cases given above are

ty = ! In

kl _k2 2

observing three chemical species (A, B, and C) with respect
to isobestic points. There are three cases of isobestic points
to consider: i) €, = &g, (ii) €54 = &, and {ii) &g = €. The ex-
pression in Table 4 is simplified under these conditions and

K K e/ (ki k) K 7k/(k=k[0  the possible functional outcomes are greatly reduced as is
AT = A’Q%E lk E 1E 1E E shown by the entries in Table 5.
A 1~ K2

U

and

2 2

Properties of growth-decay and decay-

whenk; >k, (0 <n< 1) ork; <k, (1 <n<w),andt, = 1k growth curves

and AT = AQ(gg/en) exp (1) wherk, = k, (n = 1). It may Suppose that a kinetics experiment is performed in which
be verified that the function im in eq. [6a] approaches a the appearance and disappearance of B is monitored directly
limiting value of exp (-1) = 0.3679 ag approaches 1 (see as a function of time. Typically, the array of data points (
Appendix A). Finally, the absorbance-time function for spe-Ag)) is fitted by means of a nonlinear regression algorithm
cies C is a sigmoidal growth and is characterized as havingp a model given by

an inflection point dividing the curve into a concave up por-

tion before the inflection point and a concave down portion[8] Y = alexp (-bt) — exp (-et)]

after it. The value ot corresponding to the inflection point wherea, b, andc are parameters to be determined. Parame-

IS c%nrpr]qnly flreftgrred t_ot as the |ndut(|:t|or: tﬁenocll. %?mtersb and c refer to the two rate constants and are thus al-
eq. [4] this inflection point occurs exactly at the value of \ aug hositively valued; whereas, parameteris a pre-

qorresponding to the maximum of the absorb.ance—time fur‘Céxponential factor that can be positively or negatively val-
tloln of B (se(; eq. [B]), and has a corresponding absorbance o Note that eq. [8] is the general form of eqd][23b],
value given by

and [4]. It is worth examining in detail the functional be-

_ 1 0 haviour of eq. [8] which will reveal information about the
71 A= A‘&Eﬁ@—(n(“‘z)/(”‘n A location of extrema (maxima, minima, and inflection points)
A n-1 u and the directions of concavity of the curve between
extrema.
The initial and |Im|t|ng final absorbances are equal to zero | et us consider all parameters to be positive|y valued. We

and AR(ec/ea), respectively. The point (0, 0) corresponds to pegin by taking first and second derivativesyofith respect
a minimum; whereas, the limiting absorbance A(ec/es)  to t

corresponds to a maximum. Note also that the absorbance
curve for C is invariant to the transposition of values kgr  [94] dy _ a[-b exp(=b) + c exp(~cj]
andk, (see Fig. 1). dt
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Table 2. Absorbance—-time functions for observing one chemical species in eq. [1].

Case Absorbance—-time function and boundary conditions Function type
A An(t) = AQekat Decay
An(0) = A
Ap() =0
B Ag(t) = Aﬁ%ﬁg k %e_kzt A0 %E k Ee‘kl‘ Growth—decay ifk; > ky, or k, > k;
A -k A —k
As(0) =0
Ag() = 0 o _
Cc Al = AR%E_ A&J%E K %e_kz‘ . AQ %E ky Ee‘kll Sigmoidal growth ifk; > k, or k, > k;
A A - k2 A - I(2
Ac0)=0

Acle)= A8 2
A

[9D] dy _ a[b? exp(-b) - & exp(-cj]
dt?

the larger rate constant; whereas, the decay part of
the curve corresponds to the smaller rate constant.

Theorem 3For a decay—growth function of the form

and find that an extremum occurs at of eq. [8] with positively valued parametegs b,
andc, the growth part of the curve corresponds to
[10] t= g In B?H the smaller rate constant; whereas, the decay part of
c-b QO the curve corresponds to the larger rate constant.

A similar analysis of the general expression in eq. [11] ap-

when d/dt = 0. The value ofy at this extremum is plicable to any

=b/(c-h) =¢(e ]
Vi =a%5 _BQE 0 [11] y=aexp (-at) —bexp (PHt) +c
O b0
@:b H of the possible experimental growth—decay and decay—growth

curves listed in Tables 3 and 4 reveals the same functional

The identity of the extremum and the direction of concavityproperties as summarized in Table 7

at this point are then found by substituting eq. [10] into the

expression for the second derivative (edp]j%and determin-

ing the sign of the value (16). Hence, eq. [8] exhibitsimi- The problem of distinguishability of rate

mum (concave up) wher > ¢ and amaximum(concave constants

down) whenc > b. Figs. 22 and 2 illustrate the two possi- . . .

ble curves: a positively valued growth—decay curve when Cons_lder_the growth—decay curves for th_e intermediate B

> b, and a negatively valued decay—growth curve when showr_1 in Figs. _lb and k. Both curves are fitted to ttlwe ex-

c. Note that if the pre-exponential factaris negatively val-  Pression given in eq. (8 where the valueg; = 10° s™'and

ued, the above analysis results only in the transpositidm of kzl: 10'stare a{)pllcable to Fig.H, and the valuek, = 10*

and ¢ in all equations; however, the conclusions of Theo-S andk, = 10° s™ are applicable to Fig.cL The subscripts 1

rems 1-3 (vide infra) remain unchanged. Table 6 summa@nd 2 in the rate constant descriptors strictly refer to steps 1

rizes the important conclusions of the above functiona@nd 2, respectively, in the reaction sequence. Comparison of

analysis on eq. [8]. the forms (_)f thgse two g_rowth—deca_y curves |nd|cates_ that
From the above analysis we may then establish a simpli€y have identical functional behaviouesicept that their

inspection method to identify which rate constant correspond@mplitudes differMore precisely, the similarities are that the
to which part of the curve: growth part in each curve corresponds to the faster rate,

) 10° s (see Theorem 2), the decay part of each curve corre-
Theorem 1Given a growth—decay or decay—growth sponds to the slower rate, 167 (see Theorem 2), and the
function of the form of eq. [8] with positively val- occurrence of the maximum in each case ig¢ at2.56 x

ued parameters, b, andc, the rate constant corre- 5 . . ' .
sponding to the growth part of the curve is the one 107 s (using eq. [B]). The difference is that the amplitude

associated with a minus sign preceding the expo- of the maximum absorbance given by eqa][és 0.77 for

nential factor containing that rate constant. ki/k; = n = 0.1 (Fig. b) and 0.077 fork,/k; = n = 10
. (Fig. Ic). From this example, it is evident that the faster rate
Furthermore, from Table 6 we can also draw the followingconstant associated with the growth in each curve corre-

conclusions regarding the correspondence between the raigonds to either the firsir second steps in the reaction se-

constant for the growth and its relative magnitude. quence. Likewise, the slower rate constant associated with
Theorem 2For a growth—decay function of the form the decay in each curve corresponds to either thedirsec-
of eq. [8] with positively valued parametess b, ond steps in the reaction sequence. The conclusion is that

andc, the growth part of the curve corresponds to one cannot assign the two rate constants to their respective

© 1999 NRC Canada
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Table 3. Absorbance-time functions for observing two chemical species in eq. [1].

Case Absorbance—-time function and boundary conditions Function type

Aand B A = AR k Kt Sum of two decays if® <k andg >k,
A - kz €n kl

Growth-decay fi 8 > -k andq > k,

a
R0~ Re e ek
g A ~k N.B.: It is impossible to have a sum of

two growths or a decay—growth curve.

A0) = AR
A(») =0
Aand C Al = ARS,+ c ko _ Sum of two decay# € < ke —k ank, >k
B g A —k Fa ko
K Decay—growthif C > k-k andk, > k
Lt o
A - k2 A
N.B.: It is impossible to have a sum of
A0)=A? two growths or a growth—decay curve.
Ao =ML
A
BandC At = A o€ ~ kgp 1 ekt Sum of two growthsf &5 > g¢, k, >k, amdk—2 > &
€a -k k&
_ Growth—decayif eg > €, ky >k, andk—2 <&
+ AQ B ECE ke Ee—kzt + A CE . k e
€a —k A orif gg > &g ki > ky, and-2 < &
e
A(0) =0 Sigmoidal growthif g5 < eg k > ko, and/e > &
A(o) = A %E ) kg
A orif & <gg k <k and-2 > &
k&

N.B.: It is impossible to have a sum of two decays.

steps in the reaction sequence for either of these growth-d@etermining the rate constant - reaction
cay curves when these curves are treated separately by d%ﬁep correspondence
fits. The assignments can be made only when the results of
the two data fits are compared. This apparent ambiguity ha C .
been stated by others (p6, 14) in terFr)r?s of two sglut)i/onsi%)(temall chemical information
satisfying an equation of the form of eq.bj2and inter-
changing the values of the rate constants in edp]. [2&
should be made clear that the operation of transpoking
andk, in eq. [2] is different from and not to be confused
with the functional analysis given previously in which the
ratio of k, to k; in eq. [2] is varied. In chemical terms, a
given growth—decay kinetic curve may correspond to eithe
of two situations: i) a fast formation of a strongly absorbing
intermediate in the first step followed by its slow decompo-
sition in the second step, oii a slow formation of a
weakly absorbing intermediate in the first step followed by
its rapid decomposition in the second step.

It can be shown that the same ambiguity holds true for de
cay—growth curves, and hence we are lead to the statem
given in Theorem 4.

An obvious method to relieve the ambiguity stated in The-
orem 4 is to obtain one of the rate constants in eq. [1], either
k, or ky, from a separate experiment. The easier rate constant
to obtain isk;, since this is immediately derived from the
single exponential decay of species A. However, as already
noted, the methodology of conducting the time-resolved ex-
periment may preclude such a solution. If all species in a
given chemical system have overlapping absorptions, then it
would be difficult to obtain unique absorbance—time func-
tions for species A and B. This is especially true if species A
and B either have similar structures so that they are not dis-
tinguishable by different monitoring absorption bands or have
weak chromophores altogether. Only a fortuitous situation in
which species A and B have unique UV-vis absorption bands
Wil permit this method to work. Detection by infrared ab-
sorption spectroscopy, on the other hand, is more powerful
in this regard, as it is more likely to distinguish chemical
species from unique IR absorption bands than it is from UV-
vis ones, particularly in solution-phase experiments.

Theorem 4.For growth—decay and decay—growth
functions of the forms of eqgs. [8] and [11] it is im-
possible to assign unambiguously the rate constant

parameters to the particular steps in the reaction Yamasaki et al. (7, 8) recently proposed a new integrated
sequence solely on the basis of the results of a sin-  profiles method to handle simultaneous analysis of the absorb-
gle data fit according to these equations. ance-time functions for species A and B given in eq. [1],
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Table 4. Absorbance—time functions for observing three chemical species in eq. [1].

Case Absorbance—time function

Function type

A, B, and C
Sum of two decay#

O
=AM Hogc — kegHH 1 %—klt
MO=AS e Dh-kip o e

+A2 B ~ & ki ekt +A2 C &g <& Kk <k, EA>%
€ -k A & 2 1

0 kK
A Growth—decayf

P
)
I

A(°°)=AA°%E w5
A & > £ I<1>k2,and€—’*<k1 e

8(; 7_1

or if
k _t&
k&

L
k

€
&g >, k <k, A >
&
k; €
and72>7B
3¢

Sum of two growth#f
kb _&
€ > €, kg < kz,s—A <u
g ke _

k €
and-2 > B
&

Decay—growthif

k _&
&g <¢gc, kg > kz,sz <kt
g ke -1
k
andk—2 <
&
orif
ke _ &
g5 <tc k> ko, A > kg
g ke -1
k
andk—2 <&
€
Sigmoidal growthif
k _&
ea _ k&
&g <& kg <k, and= < K
& 2
k
Sigmoidal decayf
kb _&
ea o k&
&g > &, kg > ky, and—= > K
& "2
K

048
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Table 5. Absorbance—time functions for observing three chemical species in eq. [1] at isobestic points.

Isobestic point Absorbance—-time function Function type
&A= & O _ Sigmoidal decay ifg > & andk; > k
' A=A+ @(ZSC KEBEB‘L : - or if & > & andk; < k 12
8 € -k & > & 1 < Ky
+ A gﬁg%%kt + AQ%E Sigmoidal growth ifes < e andk; > ks
& —k B or if g < & andk; < k,
A0)= A

& = & U € € 1 ~ Growth—decay ifeg > & andk; >k,
A(t):A2g+EkZC KBEB& ! or if &g > g andk; < k
D SC - kz 1 2
+ AQ B SCE k Ee‘kzt + A2 Decay—growth ifgg < g andk; > k,
& —k or if g < & andk; < k,
A0) = A
A) = AR
& = & _ ol U, olEs Growth if &g > &
)= -= i+ .
A AA% €A%p & A Decay if & < &
N0) = A}

provided that the condition of unique detection of the spe{14b] b = a'
cies is met. The strength of the method is that it is able to re-
solve nearly equally valued rate constants even when kinetifl4c] c = c'

data may contain significant instrumentation noise.
From egs. [14]-[14c] we have the following equalities re-
Absorption coefficient method lating absorption coefficients:

A method based on the magnitude and variation of the a
sorption coefficient of intermediate B has been reported as
way of deciding which rate constant corresponds to which k.
step in the reaction sequence (14). It is based on comparidgobl €s'=¢€a +k—1(sB —€a)
the set of pre-exponential factors in an equation of the form 2
of eq. [11] with that obtained wheky andk, are transposed. [15C] &c' =¢€¢
Taking the general case of observing all three species simul-
taneously, we have two forms of the absorbance—time equa¥/ith prior knowledge of the values of the absorption coeffi-
tion given in Table 4. Equation [12] applies whéq is  cients of reactant A and product C, two possible values for

15a] €5’ =¢€x

assigned to step 1 arlg is assigned to step 2. the absorption coefficient of intermediate &, andeg', may
be obtained corresponding to the two sets of rate constant
[12] At =ae™'+bek'+ c assignments. As noted previously (6, 14), the “correct” value
D D of the absorption coefficient for B may be decided immedi-
wherea = A[1 + (ke — Kigg)/Ea(ky — Ko)l, b = Aaki(€s —  ately on the basis of structural assignments if a stable ana-

eo)ea(ky — k), and ¢ = Al(ec/es). Equation [13] applies

. . h X logue of B is known. Otherwise, the assignment will be
whenk; is assigned to step 2 ard is assigned to step 1. oy S W s SS9 "

based on whether or not the absorption coefficient varies
[13] A =a e+ Pekt+ ¢ with the ratioky/k, as given by eq. [18. This necessarily

means examining other kinetic traces of the form of eq. [11]
whered = AJ[1 + (kigd — kog5)/en’ (Ko — k)], B = Alky(e5' —  recorded at different values é/k,. A correct value of the
ec)en (k, — k), andc = Ad(ec/en). Since either of these ex- absorption coefficient is one that is independenkgk, or
pressions may describe a given experimental kinetic tracek/k;. As written, eq. [1B] implies that &g is the correct
the value of the absorbance, th(is the same in each case. value, since it is independent &f/k,; whereassy' is the in-

Hence, equating egs. [12] and [13] results in correct value, since it is linearly dependent on this ratio. The
, reverse statement is true if eq. H3s solved in terms ogg
[14a] a=b as the dependent variable so that in this cgsés linearly
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Table 6. Summary of functional analysis on model equatior alexp (-bt) — exp (-€t)].

First part of curve Second part of curve
Pre-exponential Relative rate Assigned Function Assigned Function
factor constant magnitude Function type rate constant type rate constant type
a>0 c>b Growth—decay c Growth b Decay
a<o b>c Growth—decay b Growth o Decay
a>0 b>c Decay—growth b Decay ¢ Growth
a<o0 c>b Decay—growth c Decay b Growth

Table 7. Summary of functional analysis on model equatior a exp (-at) — b exp (ft) + c.

First part of curve Second part of curve
Pre-exponential Relative rate Assigned rate  Function Assigned rate Function
factor constant magnitude Function type function type function type
a>0andb>0 a>fp Decay—growth a Decay B Growth
a<0andb<O0 B>a Decay—growth B Decay a Growth
a<0andb>0 a>B Sum of two growths  « Growth B Growth
a<0andb>0 B>a Sum of two growths Growth a Growth
a>0andb<0 a>p Sum of two decays a Decay B Decay
a>0andb<0 B>a Sum of two decays B Decay a Decay
a<0andb<O0 a>B Growth—decay a Growth B Decay
a>0andb>0 B>a Growth—decay B Growth [of Decay

Fig. 2. Plot of functions &) y = 0.1]exp (+) — exp (-1@)] and

(b) y = 0.1[exp (-16) — exp (4)].

€)) 01

0.08 -
0.06
0.04 H

0.02

(b) o
002 |
0,04 |
006 |

-0.08

-0.1

dependent ork,/k; and &5’ is not. An alternative formalism
of distinguishingeg andeg’, which is more practical, is to ex-
press each in terms of the pre-exponential coefficiants,
and c that would be obtained from nonlinear least-squares
analysis. The relationships are given by egsa]&hd [16].

[164] eB:s—’g E E» cJ
=
[16b] sB'=£AEaE H» -

It may be verified that eq. [14 is invariant to the ratio of
rate constants whereas eq. f1 & not whengg is the correct
absorption coefficient, and that the reverse is true wdaeis
the correct absorption coefficient (see Appendix B).

Absorbance extremum method

If the transformations A to B and B to C in eq. [1] are cat-
alyzed by some species Q such that the concentration of cat-
alyst, [Q], is invariant with time during the course of the
kinetic experiment, then the absorption—time functions for
A, B, and C given by eqs. B—[4c] still apply. Such an ex-
perimental constraint represents the well-documented
pseudo-first-order condition. In general, the rate constiants
andk, will be some functions of the concentration of cata-
lyst; for examplek; = f([Q]) andk, = g([Q]). The subscripts
1 and 2 refer to the first and second steps, respectively, so
that the first step is associated witland the second step is
associated witly. Conversely, the functional assignments to
the rate constants may be reversed so khat f([Q]) and k;
=g([Q])- To resolve which assignment pertains to an experi-
mental situation, the absorbance extremum is monitored as a
function of catalyst concentration [Q]. The functional behav-
iour of the extremum with catalyst concentration will be
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different for the two possible rate constant assignments. Icates that the first step in the reaction is associated with the
the case of growth—decay curves the absorbance extremurate constant having a catalyst dependence givef([Qy),
is a maximum, and in the case of decay—growth curves it i@nd the second step is associated with the rate constant hav-
a minimum. An important experimental criterion that musting a catalyst dependence given §{Q]).
be met for this method to work is that the initial absorbance We illustrate the method with two numerical examples.
of species A must be kept constant in all experiments constiSuppose we have a chemical system described by eq. [1]
tuting the range of catalyst concentrations examined. Thisuch that the first step is invariant to catalyst concentration
ensures that the correct values of the absorption maxima avhile the second step obeys a linear relationship with cata-
minima are recorded from the collected growth—decay or delyst concentration. From our growth—decay curves for spe-
cay—growth curves, respectively. Any artifacts or detractionsies B we obtain parametebsandc but cannot assign these
from this criterion will result in spoiled data. Since growth— to the particular steps in the reaction scheme on the basis of
decay curves are more often encountered experimentally, wany one curve. Hence, we have either casé (= f([Q]) =
will now illustrate the method for these functions obtainedD; andc = g([Q]) = D, + D5[Q] or case ii) ¢ = f([Q]) = D,
under various experimental situations involving species B. andb = f([Q]) = D, + D5[Q], where the constant®,, D,,
and D; would be known from separate experiments. To

The case when B is observed uniquely overcome the ambiguity, plots according to the forms of

From eq. [@], the absorption maximum of species B egs. [17] and [18] are made and compared with the actual
takes the form Ym; Versus [Q] plot to determine which of the above cases is

f =f/(g-1) =9/(g-H0
max — AO0[“B - a
o - a O BE

where AT'® is a function of [Q], when the assignmerks=

f([Q]) and k, = g([Q]) are made. If the functional assign-

ments ofk; andk, are transposed so thiat = f([Q]) andk; =

applicable. Figures&@and 3 illustrate the functions given
by egs. [17] and [18] using the definitions bfand g given

in cases i and (i). The method also works when the rate
constantd andc are independent of catalyst concentration;
i.e., we have either caséij b = f([Q]) = D, andc = g([Q])
=D, or case i) c = f([Q]) = D; andb = g([Q]) = D,. Fig-
ures 4 and 4 illustrate the functions given by eqgs. [17] and
[18] using the definitions of andg given in casesii{) and

g([Q]), then the resultant analagous expression is given by(iv).

=g/(f-9) =f/(f-9)[J

Sl - T
Amf -9 %

=f/(g-1) =9/(9-1) [

R R

Cases when B and A, B, and C, and B, C, and A are
observed together

From Tables 3 and 4 the functions describing growth—de-
cay curves for these three cases may be conveniently de-
scribed by the relation

[19] y=aexp (Kit) —bexp (kit) +c

where the second step is associated Wiémd the first step where
is associated witlyg. A closer examination of egs. [17] and

[18] indicates that the expressions are distinguishable by the
factorsf/(g — f) andg/(g — f). Hence, it is possible to assign a

rate constant to a particular step in the sequence on the basis

of its functional dependence on catalyst concentration. This
doesnot imply that the calculated rate constant parameters

O ﬁ K

a=A m—ﬁi 1

| ATk —k
AR

obtained from aingle growth—decay curve may be assigned AT~ ke

to a specific reaction step (see Theorem 4). To distinguish

which rate constant is associated with which step in the reandc = 0 apply to observing B and A together;

all growth—decay curves obtained over the catalyst concen-
b = AREC ‘EBE Ky H
€n 1~ ko

tration range examined. The methodology is as follows. The
andc = A)(gc/es) apply to observing B and C together; and

(t, Ag,) data points from a kinetic trace obtained at a given
catalyst concentration are first fitted to the model eq. [8]
using a nonlinear least-squares algorithm. Then, the absorp-
tion maximum of this trace is determined from the calcu-
lated parameters at= (1/(c — b)) In (c/b) according toy,, =
a[(c/b) D) _ (c/b)¥(P)]. Note thaty,, > 0 whena > 0 and
¢ > b, or whena < 0 andb > c. The process is repeated for 0
other kinetic traces recorded at several catalyst concentra- a=M0 +E<2€c - &SB@ 1 %
tions until a set of data points ([Qly.;) is obtained. The = N @ — Ky
functions given by egs. [17] and [18] can be constructed
once the functional forms fof and g are known. The data EFC —eg EB( K E
1

points ([Q], Y;) are then plotted and matched with the ap- b=A .
— K2

propriate curve. A match with eq. [17], for example, indi- 2
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Fig. 3. Plot of (@) eq. [17] and ) eq. [18] withf([Q]) = D, =

10, 9([Q]) = D, + D4[Q] = 1 + 100[Q], andA2 (g/&s) = 1. If the
data fit this equation therg] the functionf corresponds to the
first step, and the functiog corresponds to the second step;

(b) the functiong corresponds to the first step, and the function
f corresponds to the second step.

(@ os
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0.4 ]
g I
< I
02 ]
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_02 L PR T N [N SR S T SN (NN ST SN SR S [ S S S SN NN S T ST S (T S S S i
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[QVM
(b) o7 A A s
8 3
% ]
0 ~ -
0.1 E 1 1 1 1 1
0 0.1 02 03 04 05 06
[QYM

andc = AQ(sc/e,) apply to observing B, C, and A together.
The absorbance maximum occurs at

[20] t=—1 ;nPk H
ko -k gak
and has a value given by
K =k /(o — k) K =Ko/ (ky =ky)
[21] y,=a ZE -b ZE +C
ak ak

where the coefficienta andb are also functions ok; and

k,, as given by the relationships defined above depending o
what chemical species are observed. The functional form o
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Fig. 4. Plot of (@) eq. [17] and ) eq. [18] withf([Q]) = D; =

10, g([Q]) = D, = 1, andAQ(gs/&s) = 1. If the data fit this
equation thend) the functionf corresponds to the first step, and
the functiong corresponds to the second step) the functiong
corresponds to the first step, and the functfocorresponds to
the second step.
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[QV M
(b) l———T 77 T
08 -
06 - l
; [ ]
< - -
04 4
0.2 .
0 | PR PR PR | -
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[QVM
=g/(f-9) =f/(f-9)
[23] Am = aEﬁiE —bE;’iE ‘e
g g

with the assignmenik; = g([Q]) and k, = f([Q]).

ummary

the absorbance maximum with catalyst concentration is A detailed account of the forms of the absorbance—time

given by
=f/(g-f) =g/(g-f)

22] A" = aﬁﬂa b%@
af af

with the assignmerk; = f([Q]) and k, = g([Q]) made in the

+C

functions of the unimolecular consecutive two-step reaction
sequence is given. The problem of distinguishability of rate
constants is discussed with particular emphasis on the rate
constant — reaction step ambiguity. A general method based
on the functional form of the absorption extremum with cat-
alyst concentration is proposed as a means to overcome this

appropriate expressions for the pre-exponential parameterambiguity in rate constant assignments. Of particular interest

and by

to biochemists, enzymologists, and medicinal chemists is the
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application of this new method to the resolution of consecu- 2] im4d 1 [NV — n‘”/(HJ]D

tive pseudo-first-order rate constants which are functions OEA n-1 En - 4

pH. Chemical reactions obeying mechanisms of this type

will then be described by simultaneous pH-rate profiles.

Work is currently in progress on the theoretical and experi- E

mental verification of this new method for such chemical “ 0

systems. i
O
H

|

=1/(n-1)

3
O
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proof:
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Appendix B

Equations [18]-[16b] are obtained by first rearranging
the expressions for the pre-exponential factorand b, re-
spectively, and then substituting for b in the case of
eq. [1@)]. If & is the correct absorption coefficient for the
intermediate B then eq. [Bpbecomes an identity upon sub-
stitution of the expression fdy, thus makingeg independent
of ki/k,. On the other hand, eq. [bpreduces to

[B1] &g’ =¢p +(eg —€n) —

upon substitution of the expression far thus makingeg'
linearly dependent ok,/k,. Note that eq. [B1] is identical to

Can. J. Chem. Vol. 77, 1999

upon substitution ob with the expression foa', thus making
& linearly dependent oky/k;. On the other hand, eq. [bp
becomes an identity upon substitutionafvith the expres-
sion for I, thus makingeg' independent ok,/k;. An assign-
ment of the absorption coefficient of B &g’ implies that the
first step in the sequential mechanism corresponds to rate
constant, and that the second step corresponds to rate con-
stantk;. It should be noted that egs. [B1] and [B2] are iden-
tical upon rearrangement. Equation [B1] is written wih
as the dependent variable while eq. [B2] is written vetras
the dependent variable.

In practice kinetic traces recorded at varidys, ratios
are fit to an expression of the form of eq. [11]. At this stage
the rate constant subscript labels 1 and 2 are arbitrary. Hav-
ing obtained the five parameters from nonlinear least-
squares analysis, plots of1 — ky,/k;) + ¢ versusk,/k, and

eg. [1%]. An assignment of the absorption coefficient of B a(1 —kj/k;) + ¢ versusk,/k, are then made. If the former plot
to & implies that the first step in the sequential mechanisnshows no dependence dwk, and the latter plot shows a
corresponds to rate constadqtand that the second step cor- linear dependence dq/k,, then the absorption coefficient of

responds to rate constaky. If &5 is the correct absorption
coefficient for the intermediate B, then eq. fl8educes to

[B2] eg=¢p+ (SB’_EA)%
q

B is &g and k; and k, are assigned to the first and second
steps, respectively. If, on the other hand, the former plot
shows a hyperbolic dependence lgrk, (linear dependence
on ky/k;) and the latter plot shows no dependencekgk,,
then the absorption coefficient of B &', andk; andk, are
assigned to the second and first steps, respectively.
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