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ABSTRACT: In recent years, a substantial body of knowledge has been accuammulated on the
mechanism of peroxyoxalate chemiluminescence (PO-CL). Formal mechanisms have been re-
ported previously by the authors and others purporting to account for the effects of variation of
the primary reagents (concentration of oxalate, hydrogen peroxide, and fluorophore) on the
peroxyoxalate induced detection of analytes in liquid chromatography and flow injection analy-
ses. In this article, new pathways are suggested also for the induced decomposition of the
chemiluminescent intermediate, including: (a) its reaction with a quencher, and (b) its reaction
with hydrogen peroxide. Quantitative relationships are derived and established for the effect of
pH on the maximum light intensity and the rate of the light decay. The parameters extracted from
the experimental data are utilized to predict the influence of reagent concentrations and flow rates
on the chemiluminescent detector response. In contrast to the linearity of the relationships in the
static solution studies, significant nonlinearities are presented, based on simulations of experi-
mental conditions for flow systems. Among the several conclusions reached, the most important
is that the location of the maximum chemiluminescent response in flow systems may not be
accomplished by simply determining the optimal values for the individual parameters.

KEY WORDS: peroxyoxalate, chemiluminescence detection, modeling.

I. INTRODUCTION

Since its discovery, peroxyoxalate chemi-
luminescence (PO-CL) (i.e., the reaction of
an oxalate and hydrogen peroxide in the pres-
ence of fluorescent molecule to generate
light) has been a significant mechanistic and
theoretical challenge. Interest in this reac-
tion is driven by the successful application

1040-8347/96/$.50
© 1996 by CRC Press, Inc.

of the chemiluminescent reaction to a vari-
ety of analytical problems:

1.

Quantitative determination of certain
fluorescent analytes in which separa-
tions are achieved by TLC [1,2], capil-
lary electrophoresis [3,4], supercritical
fluid chromatography [5], the determi-
nation by liquid chromatography [6-22]
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through either pre- or postcolumn deri-
vation of nonfluorescent analytes
[13,17,23-29] and by several types of
flow injection analyses [40—48]

2. Quantitative analysis of hydrogen per-

oxide [42,44,49-53] generated enzy-

matically or in enzyme immunoassays

[64-66]

Determination of oxalic acid [67, 68]

4. Quantitation of phenols through the
formation of oxalates [69, 70]

5. Determination of analytes capable of
quenching the PO-CL reaction [40,43,
71-74]

6. Analysis of compounds that enhance
the chemiluminescence [75-78] or the
background emission {79]

b

In this article, we attempt to demonstrate
that a working hypothetical mechanism is
available that can be applied to derive quan-
titative relationships to guide the practition-
er in optimizing the use of PO-CL for high-
performance liquid chromatography (HPLC)
and flow injection analyses.

The model incorporates several impor-
tant features from the earlier modeling ef-
forts, and can be viewed as a critical reevalu-
ation of the known mechanistic approaches
and experimental data.

The PO-CL-based detection is affected
by several instrumental parameters (i.e., re-
agent and eluent flows, concentrations)
[6,8,80-821; many of them are hardly con-
trolled if controlled at all, (e.g., detector
geometry and volume [83,84], pump pulsa-
tion [16], the mixing of the reagent and elu-
ent flows [22,85-87], or background emis-
sion [5,15,77,88-91]).

Without a reliable mechanistic basis, it
is difficult to distinguish between the effects
due to the change in instrumental parameters
and the factors affecting the mechanism, but
even without the detailed mechanistic back-
ground, the PO-CL reaction has been suc-
cessfully utilized in sensitive assays [1,2,54—
57,92,93].

It took some time before it was realized
that light intensity decays recorded in the
static experiments could be utilized as good
starting points for fine-tuning the dynamic
systems [94]. Since then, static modeling
has been an indispensable tool for studying
the effects of the individual components (e.g.,
solvent composition, pH, reagent concentra-
tions, additives, etc.) [40,64,83,95-100].

A more accurate approximation of the
light intensity-time curve by an exponential
decay and characterization of the curve by
an exponential decay and characterization of
the light intensity-time curve by the maxi-
mal light intensity and the half-life of the
light intensity was another important step in
the description of the PO-CL phenomenon.
An elegant demonstration for the applica-
tion of the static method is the prediction of
the detection limits in flow systems based on
the data collected in static experiments [10].

The exponential approximation of the
light intensity-time curve was the basis of
the first model developed by de Jong and his
co-workers [83,101], who described the re-
sponse of the PO-CL-based detector. In the
first version of the “time-window” concept
[102], it was assumed that the detector cap-
tures and integrates that part of the exponen-
tial light decay taking place inside the detec-
tor. Thus, a determination of the delay time
between the point where the reagents are
mixed and the entrance of the sample into
the detector, along with the time interval
during which the light is captured by the
detector could be manipulated to obtain the
chemiluminescence response based upon the
data obtained from static experiments [101].
In certain cases, this model behaved well,
whereas in others it gave unreliable values
for the detector response. By now the expla-
nation is obvious: in the description of the
chemiluminescent decay, the initial stage
(when the chemiluminescence signal in-
creases) was ignored [82].

In mixed organic solvent-buffer mixtures,
the kinetics of the light emission is greatly
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simplified. Stopped-flow determinations al-
lowed an accurate description of the entire
light emission curve [102,103]. The inte-
grated light intensities obtained from these
determinations correlated nicely with the
experimental values, and led to the explicit
formulation of the “time-window” concept
[102].

More rigorous investigations of the
stopped-flow data revealed that under strictly
controlled and well-defined conditions, the
shape of the light intensity decay can be
approximated accurately by a biexponential
function [104].

The parameters obtained from the ex-
perimental data are suitable for quantitative
mechanistic studies. The data generated by
Orlovic [104] served as starting points in
developing the model being presented.

In this article, in contrast to the earlier
modeling attempts where only the kinetics
of the light emission were utilized to predict
the chemiluminescent response, the param-
eters describing the PO-CL light emission
are obtained directly from a reaction mecha-
nism. In this way, the deduced and the ex-
perimental parameters can be compared, the
validity of the deduced expressions can be
checked, and thus, the behavior of the chemi-
luminescent system can be quantitatively
evaluated. Consequently, on the basis of the
data obtained from the static chemilumines-
cent measurements, the model is capable of
describing the trends in the chemilumines-
cent system. It further provides an approach
to the determination of the maximum chemi-
luminescent response by changing the pa-
rameters in a systematic optimization proto-
col [7,100].

Il. KINETICS AND LIQUID
CHROMATOGRAPHIC DETECTION

To determine the concentration of the
analyte by chemiluminescence detection, it
is important to recall that the signal observed

at the detector is a function of the rates and
efficiencies of the chemical light generation
process. In a study on the kinetic parameters
for a chemiluminescent reaction, a static
solvent system has the advantage of having
fewer variables; therefore, the determination
of parameters requires fewer steps. The pri-
mary purpose of this work is to demonstrate
how these data can be used to determine the
initial points in the optimization of the flow
system and how the data obtained from these
experiments may be interpreted.

A typical light intensity-time curve (1)
for the PO-CL reaction in static experiments
is shown in Figure 1. This curve can be
usefully approximated by the expression
(104]

L=K-(eft-ery (1)

where t is the time, and K is a constant
dependent on the microscopic rate constants
f and r for the reactions generating and de-
stroying the activator. r describes the rise
rate before the maximum light intensity J is
reached, whereas f is the corresponding ex-
ponential fall rate. Because the rise of the
light intensity is much faster than that of the
fall, this expression can be simplified to an
exponential decay form [101,105-107] for
the major part of the reaction profile:

L=1,-eft )

where I is the hypothetical light intensity at
the maximum (J). In static experiments, the
most frequently reported parameters are the
maximum peak intensity (J) and the rate of
the pseudo-first—order light decay (f).

To apply the kinetic data obtained from
the static solution studies to chemilumines-
cence detection, it is necessary to assume
that the reaction proceeds in the same way in
the flow system as it does in the static solu-
tion experiments. As to the extent to which
the reaction is completed within the resi-
dence time in the detector, (e.g., the ratio of
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Light Intensity

Eluent Volume

FIGURE 1. Typical light intensity-time decay curve and its connection with the chemiluminescent detector.
The detector views a certain part of the reaction determined by the cell volume.

the half-life of the reaction to the residence
time of reaction mixture in the detector), two
limiting situations can be designated:

1.  When the half-life of the reaction is
very short compared with the residence
time, the major portion of the chemilu-
minescence emission will occur inside
the detector cell. This condition is des-
ignated as the “integrating” detector
because the response is roughly pro-

portional to the number of photons
emitted from the reaction mixture (L),
and therefore is equivalent to the quan-
tum efficiency in the static experiments.
Assuming that there is no significant
dead volume after the mixing point, the
detector is only sensitive to the factors
affecting the quantum efficiency.

When the half-life of the reaction is much
longer than the residence time, a frac-
tion of the total emitted light arrives
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inside the detector cell. This detector is
termed a differential detector, and its
response will be proportional to the light
intensity (I,) in the static experiments
represented by the integrated portion of
the time/intensity profile during the resi-
dence period in the cell (see Figure 1).
With this type of detector, a dead vol-
ume must exist between the mixing point
and the detector because there is no light
intensity measured at the moment of
mixing (Figure 1). This dead volume
basically determines the chemilumines-
cent response. It has an optimal value
corresponding to the volume that passes
through the cell before the light emission
reaches maximum intensity (J, Figure 1).

The “time-window” concept [102] has
been applied successfully to approximate the
chemiluminescent signal collected in the
detector (Figure 1) from these two configu-
rations. Our attention in this article will be
focused on the differential detector because
most of the systems can be sufficiently ap-
proximated by this model. The experimental
verification of the influence of different cell
volumes on the chromatographic perfor-
mance was established by de Jong [83,101]
and Cepas et al. [90].

lil. A MODEL FOR THE
PEROXYOXALATE-BASED
DETECTION

In the optimization of the analytical sys-
tem, the primary purpose is to vary the
system’s parameters and adjust the kinetics
of the PO-CL reaction to obtain the maxi-
mum signal with minimum noise at the de-
tector. The adjustment of the PO-CL reac-
tion kinetics may be accomplished in
numerous ways (e.g., using different oxalates,
varying the reagents and concentrations,
changing the eluent [95] and reagent flow
rates [15,29,31], using different solvents, pH,
acidic or basic additives, catalysts [7,76,102—

104,108,109], surfactants [61,110,111], metal
ions [99], etc.).

Most applications of the PO-CL reaction
make use of organic solvent-buffer mixtures
to control the pH and to assure adequate
solubility of all of the reagents. Buffers,
however, may add complications by influ-
encing the rates of the PO-CL reaction with
respect to the competing oxalate hydrolysis
[107,112-115]. The exact role of a buffer
and of other such additives is largely un-
known and has been investigated in few cases
only [15,29,51,76,102-104,108,115,116). In
determining the optimum PO-CL conditions,
however, these factors have been considered
to be “minor” effects despite their occasional
controlling influence on the kinetics of the
reaction [102], whereas the principal com-
ponents of the PO-CL reaction — the ox-
alate, hydrogen peroxide, and fluorophore —
are treated as primary determining compo-
nents.

In spite of the numerous factors affect-
ing the reaction rate, it has been shown that
the light emission in these systems can be
satisfactorily described by the simple math-
ematical formula [104] shown in Equation
1. The complex mechanisms proposed ear-
lier [72,104-107,116-119] were based on
kinetic and physicochemical measurements
under different circumstances. The complex
kinetic system for the mechanism in
nonaqueous media proposed by Catherall et
al. [105,106] can be integrated successfully
by assuming steady-state concentrations of
the key intermediates.

In this study, the Palmer Cundall and
Catherall model is expanded to account for
the influence of the additional contributing
steps in organic solvent-buffer media
(Scheme 1). The first (and, in this treatment,
the rate-determining) step is the reaction of
the oxalate with a buffer-hydrogen peroxide
mixture. This kind of reaction includes hy-
drolysis [107,112-114] (Reaction 1), reac-
tion with hydrogen peroxide yielding the
chemiluminescent intermediate (Reaction 2),
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and side reactions (Reaction 3). (Although
intermediate X itself is not chemilumines-
cent, it is merely responsible for activating a
fluorophore to its fluorescent state; never-
theless, for simplicity it will be termed here
as a chemiluminescent intermediate.) Reac-
tion 3 expresses a strong dependence of the
light production on the structure of oxalate
[29,51,96,97,107,120].

The chemiluminescent intermediate (or
intermediates) [107,117,121] X in this ap-
proach has a structure resembling the start-
ing oxalate either in the form of a dioxetane
[105-107], a hydroperoxyoxalate [118], or
acyl-peroxyoxalate [116]. The intermediate
[121] is thought to be unstable under the

R

H,0

k,

Oxalate -

H,0,

k3
H,0,

QlFE = |r r
Y

Ky
H,0,

kg

harsh conditions of PO-CL detection, (i.e.,
its decomposition rate is faster than the rate
of its formation) [105-107].

X is partitioned through its decomposi-
tion by the unimolecular reaction (4), reac-
tions with the fluorophore (F) to form a
complex (XF) (5), or quenching (6).
The reactions of X with the fluorophore
and quencher (Q) are thought to follow the
CIEEL mechanism proposed by Schuster
[122]. Therefore, X is expected to react
faster with the quencher, which has a
lower oxidation potential than with the
fluorophore.

An additional pathway for the decompo-
sition of X is the reaction with hydrogen

Hydrolysis (1)
X @
non-chemiluminescent products 3)

non-chemiluminescent decomposition (4)

[XF] S
[XQ] — Q +products ®)
formation of other products )]
F + products (8
F o+ products 9
F  +hea (10)
F +Light (11)
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peroxide (7) to yield possibly the diperoxy-
oxalic acid (a known and relatively stable
compound) [123], as suggested earlier by
Rauhut [119].

The decomposition of the fluorophore-
intermediate complex (XF) partitions through
pathway 8 or by excitation of the fluorophore
(9). Fluorophores that have less than unit
quantum efficiencies lead to additional losses
in energy (10,11).

A. Kinetic Treatment of the
Mechanism

Application of a steady-state concentra-
tion for each of the intermediates is used to
solve the complex mechanism formulated in
Scheme 1 for the static PO-CL system. The
concentration of the oxalate can be approxi-
mated under pseudo first-order conditions
for the oxalate as

[oxalate] = [oxalate], - e® - 01+ (a +k) - (HO:D

3

where [oxalate], and [oxalate] are the ox-
alate concentrations at the beginning of the
reaction and after the time t, respectively.
Assuming steady-state concentrations for
intermediates X, XF, and F*, the following
equation can be obtained for the light inten-

sity (1):
I, = [oxalate] -k, -[H,0,]- Z

= [oxalate] - ek {H0]+ (il +k3){H,0,])

“4)
-k, [H,0,]-Z
where
_ k;-[F]
k, +k,-[F]+k,-[Q]+k, - [H,0,]
k, Kk, )

The light emitted from the reaction mix-
ture (L., the integrated light intensity) is the
portion of the oxalate producing light in the
series of reactions

[oxalate], - k, -[H202]
L = Z
* T X, (8,0, +(k, +k,) [1,0,] < ©

B. Hydrogen Peroxide
Concentration Dependence;
Quantitative Relationship for CL
Integrated Intensity as a Function of
H202

One of the primary parameters in the
PO-CL system is the hydrogen peroxide
concentration when the object of the analy-
sis is the determination of the concentration
of fluorescent molecules. In the PO-CL re-
action, the rate-determining step is the reac-
tion of oxalate with hydrogen peroxide that
is equal to the rate of the pseudo first-order
light decay. From Equation 3, the rate of
oxalate consumption [104,107] is given by:

f =k, -[H,0]+(k, +k,)-[H,0,]

= A-(B+[H,0,]) 0

where

k,-[H,0]
A=k, +k,; B=—7—"—+ (8)
k, +k,

and is shown in Figure 2. A similar relation-
ship can be established for the rise constant

r=A"-(B'+[H,0,)) ©)

as shown in Figure 3 (A’=4.42 102 s™! mol!
and B'= 16.4 mM).

It has been known for some time that the
rate of the light decay in organic solvents is
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FIGURE 2. The dependence of fall constants on the hydrogen peroxide concentration (data from Reference
104). Conditions: 5/52,4,6-trichlorophenyl) oxalate (TCPQ) = 0.5 mA£ 8,10-diphenylanthracene = 0.25 mi4
imidazole = 2.5 mM at pH = 7.0 in 75% aqueous acetonitrile.

primarily determined by the conjugate base
of hydrogen peroxide; thus, acidic and basic
moderators influence the rate of the reaction
substantially. In this respect, the role of ad-
ditives is to regulate the pH and/or to cata-
lyze the reaction of the hydroperoxide with
the oxalate. In Figure 4, the light decay half
lives are plotted against the pH. On the basis
of this observation, the rate of light decay
can be written in the form:

f o< (B+[H,0,])-[OH]  (10)

where n = 0.3 and [OH-] is the hydroxide
ion concentration. The slope of the curve
is —-0.3, which indicates the complex
protonation equilibrium between the buffer,
water, and hydrogen peroxide. Because
the moderators influence the rate of
the reaction, the “window” in Figure 1 rep-
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FIGURE 3. The effect of hydrogen peroxide on the rise constant (data from Reference 104). Conditions:
bis(2,4,6-trichlorophenyl) oxalate (TCPO) = 0.5 mA4, 9,10-diphenylanthracene = 0.25 mM, imidazole = 2.5 m#M/

at pH = 7.0 in 75% aqueous acetonitrile.

resents different portions of the chemilu-
minescent time/intensity profile. In es-
sence, provided that other parameters are
not changed, the “optimal” moderator con-
centration [102,108] is determined where
the chemiluminescent light emission pro-
file and efficiency gives the most advanta-
geous response for a given set of condi-
tions.

Equations 4 and 6 can be simplified fur-
ther by evaluating the effect of fluorophore
concentration in Equation 5 and considering
that the value of ky/k, is 2-7 10° M~! (de-
pending on the structure of oxalate), a value
obtained by several different authors
[106,124,125]. The first part of Z in Equa-
tion 5 can be rearranged to give the ratio of
the two rates, that is:
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FIGURE 4. The influence of pH on the half-life of the chemiluminescent system (data from
Reference 101). Conditions: TCPO =2.5 mM, hydrogen peroxide = 375 mAM imidazole = 0.42 mM

in tetrahydrofuran-ethy! acetate-water mixture.

e

25
— k4 [F]
Tk K K
l+ﬁ-[F]+é-[Q]+i-[H202]

an

If the fluorophore concentration is less than
10 M, its effect on the value of the denomi-
nator in Equation 11 will be negligible be-

cause k; [F}/k,<1, and the expression varies
linearly with the fluorophore concentration,
as shown in Equations 12 and 13:

I, = K-[oxalate], -[H,0,]

(F] oA {BH{H0:]) (12)
C+[H,0,]
., [oxalate]o-[Hzoz] [F]
L =K’ .
¢ B+[H,0,] C+[H,0,]
(13)
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A rough estimate of the maximal light inten-
sity (J) can be obtained from Equation 12 by
letting t =0 in L.

H,0
J=K”[oxalate], -[F] % (14)
272

Orlovic et al. [104] determined light in-
tensity decays, maximal light intensities, and
quantum efficiencies at different hydrogen
peroxide concentrations for the same series.
The data in Figures 2, 5, and 6 were fitted to

Equations 7, 13, and 14 (Table 1). The good
fit indicates that the model is adequate for
modeling these data.

The saturation of the maximal light in-
tensity (J, Equation 14) at high hydrogen
peroxide concentrations was observed by
several authors {15,31,51,77,102]. At pH 4,
however, Orosz found a quasi-linear rela-
tionship [107]. This dichotomy can be dis-
solved by including an additional process
(Scheme 1, Pathway 7), which is important
at higher pH. The chemiluminescent inter-
mediate, in addition to decomposition by

10 o
o (O]
O]
8 -
l
(=
-
g
©
2 6
2]
S
g (¢))
=
Lo
3
4
D
2 ? ] i T —
0 30 60 90 120

Hydrogen peroxide concentration, mM

FIGURE 5. Experimental and fitted values (Equation 12, Table 1) on the hydrogen peroxide concentration
dependence of the maximal light intensity. Conditions: 5/s(2,4,6-trichlorophenyl) oxalate (TCPQO) = 0.5 mM,
9,10-diphenylanthracene = 0.25 mA4 imidazole = 2.5 mA/at pH = 7.0 in 75% aqueous acetonitrile.

11
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FIGURE 6. The influence of hydrogen peroxide concentration on the quantum efficiency of the PO-CL
reaction (data fitted to Equation 11, with the parameters in Table 1). Conditions: b/52,4,6-trichlorophenyl)
oxalate (TCPO) = 0.5 mM 9,10-diphenylanthracene = 0.25 mA/ imidazole = 2.5 mAM at pH = 7.0 in 75%
aqueous acetonitrile.

TABLE 1
Parameters Obtained by Fitting the Data in Figures
2, 5, and 6 for the Parameters in Equations 7, 13,

and 14

Figure 2 Figure 5 Figure 6
B [mM 126.6 — 124.4
C[mMm — 2.04 1.90
R? 0.886 0.990 0.973

12
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Pathway 4, also reacts with the hydroperox-
ide anion (Pathway 7).

C. The Effect of Fluorophore and
Oxalate Concentration

The rate constant of the pseudo first-
order light decay is not influenced by the
oxalate concentration, in accordance with
the model [104,107]. In the expressions for
the light emission, a linear dependence can

be seen for the oxalate concentration (Equa-
tions 12 through 14), which holds at low pH
[107] and at low oxalate concentrations (Fig-
ure 7). At higher pH, the dependence devi-
ates from linearity (the slopes are less than
1). Nevertheless, their most important fea-
ture is that they increase with increasing
oxalate concentration.

When the media are not buffered, and at
higher oxalate concentrations, the phenol
formed in the reaction lowers the pH, thereby
decreasing the rise and fall rates and lower-

10
2
[=
3
o
S
= *
@ 1 *
c
2
C
= ¥
)
L
ol
-l
0.1 , , , _
0.001 0.01 0.1 1 10

TCPO concentration, mM

FIGURE 7. Relationship between the light intensities and the oxalate concentration.
Data from Reference 104: x 5 mAM£ + —-30 mM hydrogen peroxide concentration. Condi-
tions: bis(2,4,6-trichlorophenyl) oxalate (TCPO) = 0.5 mAM4 9,10-diphenylanthracene =
0.25 mM, imidazole = 2.5 mM at pH = 7.0 in 75% aqueous acetonitrile. Data from
Reference 102: % —2.5 mAMhydrogen peroxide concentration; dansyl-alanine (fluorophore) =
0.025 mAM; imidazole = 1 mMat pH = 7 in 80% aqueous acetonitrile.

13
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ing the maximal light intensity [103,126).
Quenching by the phenol and the reabsorption
of the emitted light especially by nitro-
phenolate anion may also contribute to the
decrease in light intensity.

In the reaction catalyzed by imidazole,
the quantum yield increased with increasing
oxalate concentration [104]. This latter ob-
servation indicates that the model is an ap-
proximation only and that the catalyst can
play a significant and complex role in the
reaction, altering the mechanism of the light
production [51,115].

The rate of light decay is not dependent
on the concentration of fluorophore [104,
106,107], as indicated in the model (Equa-
tion 7). The maximal light intensity (Equa-
tion 14) changed linearly with the fluorophore
concentration through several orders of mag-
nitude [9,92,107]. A similar relationship was
established for the quantum yields [104]
(Equation 13).

IV. COUPLING THE MODEL AND
THE PO-CL DETECTION

A. Detector Parameters

It is generally observed that increasing
detector volume increases the chemilumi-
nescent signal obtained [83,84,101,108]. The
effect of increasing detector volume on chro-
matographic performance has been studied
extensively [83,101]. From these studies, the
following conclusions may be reached:

1. Increasing the detector volume by dilu-
tion of the reagent flow(s) should not
affect the chromatographic separation.

2. The volume of the detector cell should
be no larger than the elution volume of
the narrowest peak of interest. As a
practical guide, the cell volume should
be smaller than the peak “volume” mul-
tiplied by the dilution caused by the
added reagents.

14

3. The differential model detector signal
increases with increasing cell volume
as it approaches the “integrating” de-
tector model. In practice, however, this
is not always true, as demonstrated [83]
in Figure 8. The chemiluminescent sig-
nal approaches a maximum when the
detector cell is 0.2 to 0.3 of the peak
width at half height (w,,). Hanaoka’s
studies [108] showed that for broad
peaks, a cell volume greater than 100 pl,
the signal does not increase signifi-
cantly.

Another factor influencing the detection
parameters is the configuration of the light
collection apparatus. deJong and his co-work-
ers [83,101] prepared an “integrating” de-
tector by employing bis(2,4-dinitrophenyl)
oxalate (DNPO) activator and large detector
cell volume. With less activated oxalates,
that is, bis(2,4,6-trichlorophenyl) oxalate
(TCPO), in the pH range of 7 to 8, the half-
life of the reaction ranged from 5 to 20 s.

In typical experimental setups, the de-
tector volume rarely exceeds 100 pl, the
combined eluent and reagent flows are gen-
erally larger than 2 cm?® per min. Under these
conditions, the residence time of the reac-
tion mixture in the detector is approximately
3 s or less, and thus the detector can be
treated as differential detector and its re-
sponse can be approximated by Equation 12
for the light intensity.

B. Delay After Mixing the Reagents

The differential detector is very sensi-
tive to the position of the window along the
chemiluminescent time/intensity profile (Fig-
ure 1). Before reaching the maximum, the
time/intensity profile indicates that there is a
very sensitive response to even small changes
in flow, making it difficult to achieve good
stability for analytical purposes. The best
position for the detector on the timefinten-
sity curve is at or slightly later than the
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FIGURE 8. The influence of the ratio of detector volume and the peak width on the chemilumi-
nescent signal {data taken from Reference 83). DNPO = 4/s(2,4-dinitrophenyl) oxalate.

maximum. Changing the eluent or reagent
flows and thereby adjusting the concentra-
tion of the reagents, changes the delay time
and, consequently the position of the win-
dow.

The effect of fluorophore and oxalate
concentrations on the light intensity (Equa-
tion 12) and thus on the detector response is
straightforward: the rate constants for the
double-exponential curve (Figure 1) do not
change with the change in concentrations of

these two reagents. The fluorophore causes
a linear increase in light emission with con-
centration, as does an increase in oxalate
concentration.

In Figure 9, the effect of hydrogen per-
oxide concentration on the light intensity is
shown at different delay times using the
parameters determined earlier from Refer-
ence 104 in Equation 1 (Table 1). The maxi-
mum light intensity reaches saturation with
increasing hydrogen peroxide concentration

15
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FIGURE 9. Simulation of the effect of hydrogen peroxide concentration and the delay time on the detector
response using Equation 1 and the parameters obtained from Figures 2 and 3.

(Equation 14) up to 1 s delay time (Fig-
ure 9). Simultaneously, the time required to
reach maximum becomes shorter. At shorter
delays, however, increasing the hydrogen
peroxide concentration gives a light inten-
sity curve that asymptotically approaches the
maximum value. This means that — depend-
ing on the dead volume of the system —
monotonous increase, or “optimal” hydro-
gen peroxide concentration can be observed
by increasing the hydrogen peroxide con-
centration! The response at this “optimal”
concentration (e.g., at 5 s delay time), how-
ever, may be much less than the response at
shorter (e.g., at 1 s) delay times.

In a flow system, the eluate and reactant
concentrations ([F],-fluorophore, [oxalate],-

16

oxalate, and [H,0,],-hydrogen peroxide con-
centrations of the reagent solutions) are di-
luted by the eluent and the other reagent
flows (Y -¢eluent, Y ,-oxalate, Y y,q,-hydro-
gen peroxide flow rate), that is,

Y

col

> Yco] + Yox + YH202 (15)

[F]=[F]

Y

col

+Y, + YH2O2

[oxalate] = [oxalate], - ~

col

(16)

— . Ycol
[HZOZ] - [H2()2 ]0 Ycol + Yox + YH2O2

(17)
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The delay time (t,) is determined by V, the
dead volume between the mixing point and
the detector, and the combined reagent and
eluent flows:

V0
+Y, + Y0, (18)

¢y

col

Combining Equations 1 and 12, the expres-
sion for the light intensity inside the cell can
be obtained in the form of

[F], -[oxalate], -[H,0,]
YHzoz
+Y, + YHzoz

I — K”I .

tq

C+[H,0,]

0y

col

Y

col

| (Ycol +Y,, + Yﬂzo2 )

+Y, + YHZOZ

Aoty ATty
5(e e )

(19)

where the parameters f, r, and t, are deter-
mined by Equations 7, 9, and 18.

On the basis of this expression, qualita-
tively the same behavior is expected upon
changing the oxalate and eluent flows if the
fluorescent peak width is much larger than
the detector volume. The effect of dead vol-
ume and flow rate at two different hydrogen
peroxide concentrations is shown in Figures
10 and 11. Optimum flow rates can be estab-
lished for each dead volume. It should be
pointed out that at different dead volumes,
the optimal eluent flows are not equal

The hydrogen peroxide concentration has
a more complex relationship with chemilu-
minescent intensity. This property, however,
does not yield a substantially different re-
sponse from Figures 12 and 13. The change
of kinetics at higher hydrogen peroxide con-
centrations (Figure 13) can be deduced from
a shift of the optimal delay: If the time to
reach the maximal light intensity is the same,

the optimal dead volume shifts toward the
larger volumes. In contrast, in Figure 13, the
increasing hydrogen peroxide flow rate shifts
the maximal light intensity toward the smaller
dead volumes (compare with Figure 10).

C. The Optimization Process

After the static experiments, where the
starting points of the flow system optimiza-
tion were determined, the optimization of
the flow system is generally accomplished
by changing the reagent flows and concen-
trations in a system with a certain dead vol-
ume.

Typical responses were calculated (Equa-
tion 19) for two dead volumes: With 5 ul
delay, the reaction is in the rise phase (Fig-
ure 14), whereas with 200 ul dead volume at
3 cm? per min combined flow rate positions
the window beyond the maximum light
emission (Figure 15). Both the oxalate and
the hydrogen peroxide flow rates (Figures
14 and 15) have optimal values, yielding a
response surface with one maximum. De-
pending on the flow rate values and the re-
agent concentrations, at certain points on the
surface, the chemiluminescent signal can be
observed to increase by increasing any of the
reagent flow rates or by increasing only one
reagent flow rate. Similarly, in certain points,
it can decrease by increasing both or only
one flow rate. Identifying the gradient of the
direction for the optimal response is often
possible. The optimization process, however,
may need several interactions to attain the
maximum on the surface. Furthermore, one
may not wish to work at the maximum when
it is “unstable” to small changes in any one
of the parameters (e.g., Figure 14), but should
rather select a point on the surface as in
Figure 15, where the change in instrumental
parameters will generate only small changes
in the light intensity (e.g., hydrogen perox-
ide = 2.0, oxalate = 0.8 cm? per min). With
this approach, it is possible to understand
how an increase in chemiluminescent

17
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FIGURE 10. Simulation of the effect of eluent flow rate on the detector response based on Equation 19. Flow
rates: TCPO = 1 cm?® per min; hydrogen peroxide = 30 mA4, 1 cm3 per min.
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FIGURE 11. The effect of dead volume and the oxalate flow rate on the chemiluminescent detector
response (Equation 19). Flow rates: eluent = 1 cm? per min; hydrogen peroxide = 300 mA4, 1 cm?® per min.
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FIGURE 12. The effect of low concentration of hydrogen peroxide (30 mA4 and the dead volume on the
detector response (Equation 19). The oxalate and eluent flows are 1 cm? per min.
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FIGURE 14. The change of chemiluminescent response (Equation 19) by changing oxalate and hydrogen
peroxide (300 mAy flow rates at 5 ul dead volume and 1 cm?® per min eluent flow rate.

response can occur when decreasing the hy-
drogen peroxide flow rate, while at the same
time increasing oxalate flow rate [7].

Changing the reagent concentrations in-
troduces other parameters, but these effects
can be interpreted by using the correlations
given in Figures 9 through 13 (e.g., having
the oxalate and hydrogen peroxide flow rates
at certain values or depending on the delay
in the system) (Figures 14 and 15). By chang-
ing the hydrogen peroxide concentration, one
observes a linear increase in the detector
response (Figure 9; delay is less than 1 s) or
acurve showing “maximal” detector response
(Figure 9; delay time is greater than 3 s)
{7,100].

The parameters used in this analysis
may not be appropriate for all of the vari-

20

eties of CL detector available, but the
mechanism and the kinetic derivation
should be applicable to other systems.
Keeping this in mind, the response sur-
faces that are created indicate the actual
position for the CL reaction (at least quali-
tatively), thereby aiding application chem-
ists in visualizing the results and allowing
them to predict the influence of any modi-
fication in instrumental parameters on the
detector response.

Vi. QUENCHED PEROXYOXALATE
CHEMILUMINESCENCE

The quenched peroxyoxalate chemilu-
minescence was first observed by Honda et
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FIGURE 15. The influence of oxalate and hydrogen peroxide (300 mA4) flow rates on the detector response
at 200 wl dead volume. The eluent flow is 1 ¢cm3 per min,

al. [40], later studied in detail by van Zoonen
[43,71], Gooijer [72,73] and Grayeski [74],
and further discussed on the theoretical basis
by Gooijer and Velthorst [72,73]. Here, we
attempt to show that the identical mecha-
nism above can be employed to quantita-
tively explain some characteristic of the
quenched process using the parameters de-
termined in static experiments.

The observation that the light intensity
decreases when certain quenchers are present
(e.g., halides [40], amines, or sulfur-contain-
ing compounds [71]) has been exploited for
analytical purposes. (It should be mentioned
that quenching with nitrogen-containing com-
pounds having less or more basic properties
is not unequivocal: these compounds can act
not only as quenchers, but also as accelera-

tors for a chemiluminescent reaction. This
acceleration — because the detectors are
mostly differential — can also act as a for-
mal quenching, decreasing the signal as it
was demonstrated by DeVasto and Grayeski
[74])

A Stem-Volmer relationship between the
quencher concentration and the light inten-
sity can be expressed as

I
Q

where I is the light intensity in the absence,
I, is the presence of the quencher, kg is the
quenching constant characteristic of the
quencher, and [Q] is its concentration [72).
From the expression derived for either the

21
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differential or the integrating detector (Equa-
tions 4 through 6), the ratio of the light in-
tensity as a function of [Q] leads to the ex-
pression:

0 k6
—=1+
I, k, +k,-[F]+k, [H,0,

K

k,
— Q]
1+E-[F]+E-[H202] (1)

=1+

It was noted earlier [106,124,125] (Equa-
tion 11) that the value of ky/k, is in the
range of 2 to 7 103 M-'. In quenching ex-
periments, the concentration of fluorophore
used [72,73] is less than 10~ M; thus, k;
[F)/k, is negligible. The ratio of k,/k; in
the denominator expresses the sensitivity
of the chemiluminescent intermediate to-
ward the attack of hydrogen peroxide. Its
value (Table 1, C) is about 2 mM atpH =7
in imidazole buffer. Below this concentra-
tion, the hydrogen peroxide does not in-
fluence the value of the denominator sig-
nificantly.

Thus, the ratio of ky/k, determines the
value of k,. Furthermore, if the mecha-
nism for quenching is also by electron
transfer, it is reasonable to anticipate that
effective quenchers will have lower oxida-
tion potentials than the fluorophores and
thus, k¢/k, should be greater than k;/k,.
For different fluorophores, values between
2.6 to 4.4 10* M~! were obtained for the
quenching constant of 2-mercapto-1-
methylimidazole by van Zoonen and his
co-workers [71], which is in accord with
an electron transfer quenching mechanism
[105].

No significant differences between TCPO
and DNPO have been reported for the exci-
tation of different fluorophores [127,128].
Therefore, the value of ks is thought to be

22

independent of the nature of the oxalate, but
dependent on the fluorophore.

A similar insensitivity to oxalate struc-
tures is expected for the quencher as well
(i.e., the value of k¢ is expected to be the
same for a specific quencher):

Klr”
o=, (22)

nwr”

where K”” is the experimental parameter
determined by the nature of the quencher,
the conditions, solvent, etc., but not by the
nature of the oxalate. The chemiluminescent
intermediates generated from more electro-
negatively substituted aryl oxalates are ex-
pected to decompose faster. In other words,
k, is larger for DNPO than for TCPO; thus,
the quenching constant for DNPO is smaller
than for TCPO.

An interesting result is that in contrast to
the expectation that the quenching constant
would be higher at low fluorescer concentra-
tions, the effect of fluorophore concentra-
tion can be ignored below a certain concen-
tration (Figure 16). This implies that less
sensitive photodetectors may be applied in
this analytical method.

In summary, it has been shown that even
in this simple mechanistic treatment, the
quenching constant is

1. independent of the oxalate and the hy-
drogen peroxide concentration up to
103 M;

2. independent of the nature and the con-
centration of the fluorophore up to
10~ M; and

3. dependent on the nature of oxalate in
agreement with the observations of
Gooijer et al. [72,73].

An alternative approach in the deriva-
tion of these relationships for the quenching
constant is derived from the assumption that
the quencher reacts with the encounter com-
plex (XF) [72].
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