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Kinetic analysis of catalytic reactions is a powerful tool for mechanistic elucidation but is often challenging
to perform, limiting understanding and therefore development of these reactions. Establishing order in
a catalyst is usually achieved by running several reactions at different loadings, which is both time-
consuming and complicated by the challenge of maintaining consistent run-to-run experimental
conditions. Continuous addition kinetic elucidation (CAKE) was developed to circumvent these issues by
continuously injecting a catalyst into a reaction, while monitoring reaction progress over time. For
reactions that are mth order in a single yield-limiting reactant and nth order in catalyst, a plot of reactant

concentration against time has a shape dependent only on the orders m and n. Therefore, fitting
Received 28th May 2029 imental CAKE data (usi d ient web tool) allows the reactant and
Accepted 23rd August 2023 experimenta ata (using open access code or a convenient web tool) allows the reactant an
catalyst orders, rate constant, and the amount of complete catalyst inhibition to be determined from

DOI: 10.1039/d35c02698a a single experiment. Kinetic information obtained from CAKE experiments showed good agreement with
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Introduction

Understanding the mechanisms of catalytic reactions can
significantly aid their development and improvement, with
kinetic analysis frequently used to elucidate their mechanisms.
This process typically involves conducting a series of experi-
ments using different concentrations of reagents and moni-
toring reaction progress over time."* Reaction orders and rate
constants are determined to extract information as to how the
catalytic reaction proceeds. Such kinetic studies are among the
most commonly applied physical chemistry methods and
millions of students have conducted these experiments in
laboratories using methodologies that have barely changed in
over 100 years. Kinetic data can be collected using a wide range
of experimental methods, including multinuclear NMR,*” UV-
vis spectroscopy,® infrared spectroscopy,” high performance
liquid chromatography,'®' mass spectrometry,">"* calorim-
etry," and many others.
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More recently, there have been some valuable modifications
made to the analysis of catalytic reactions. For example, reac-
tion progress kinetic analysis (RPKA) involves running reactions
under realistic conditions (i.e., avoiding a large excess of one of
the reagents), monitoring the reaction accurately and
frequently, and generating a broad distribution of data and
results in the form of rate vs. substrate concentration plots.'>*®
Variable time normalization analysis (VINA) is a powerful
approach to graphical analysis, which employs a comparison of
variably normalized concentration profiles to establish order in
reaction components."”” VINA can also be extended to treat
catalyst activation and deactivation processes.™®

Common to all these approaches is the addition of all
reagents at the start of the reaction, and determination of
reaction orders by measuring the time dependence of concen-
trations. Since catalyst concentrations do not change
throughout such experiments, finding the order in catalyst
requires multiple reactions with different catalyst concentra-
tions to be performed. This is time consuming and can be
especially challenging for catalysts that are susceptible to
degradation or poisoning, either pre- or post-addition to
a reaction solution. Another issue is that reactions are typically
fastest at their onset, making their analysis susceptible to
mixing effects and lost data during the period of greatest
change. Continuous addition of a reagent (CAR) aims to
circumvent these difficulties, by monitoring a reaction whilst
continuously adding a reagent to the reaction mixture, typically

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc02698a&domain=pdf&date_stamp=2023-09-17
http://orcid.org/0000-0003-0578-9701
http://orcid.org/0000-0002-9901-6795
http://orcid.org/0000-0001-7073-5246
https://github.com/peterjhw07/cake
https://doi.org/10.5683/SP3/IDD7DB
https://doi.org/10.1039/d3sc02698a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc02698a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014036

Open Access Article. Published on 24 August 2023. Downloaded on 4/1/2026 9:38:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

using an automatic burette."** However, this approach
involves data treatment specific to the rate laws considered and
therefore, has not been used to determine reaction orders.
Similarly, monitoring a reaction whilst varying its temperature
allows single-run extraction of activation parameters.>

Continuous addition kinetic elucidation (CAKE) utilizes
continuous addition of a reagent but fits the resulting profile to
elucidate orders of reagents, as well as other kinetic parameters.
Here, the CAKE method is introduced via relatively simple
systems, involving monitoring of a reaction with a single yield-
limiting reactant whilst a catalyst is continuously injected via
a syringe pump, over a period commensurate with the usual
time scale of the reaction. We show that for this common case,
when suitably normalized, the concentration vs. time profile
has a shape independent of the rate constant, the rate of catalyst
addition, and the initial concentration of the reactant,
depending only on the orders of the reactant and catalyst. As
a result, the profile can be investigated to extract these orders
and the rate constant. The same analysis is extended to the case
of complete catalyst inhibition by species already present in the
starting reaction mixture. For these cases, the kinetic parame-
ters may be extracted from a single experiment. This improves
the efficiency of determining reaction orders by reducing the
workload and avoiding the pot-to-pot reproducibility issues
caused by catalyst poisoning.

First, the mathematics involved in such CAKE reactions and
their modelling is discussed, before the method is demon-
strated through a variety of catalytic reactions, monitored by
a diverse range of characterization techniques. Although the
mathematics is particularly simple for the rate laws considered
here, the qualitative advantages of the method noted above are
expected to hold for more complicated reaction mechanisms.
Such reactions will be investigated in subsequent work, where
we expect that a numerical solution of the rate equations will be
required, and depending on the mechanism, more than a single
experiment may be required to elucidate orders of all reagents.
Expansion to allow for continuous addition of reagents other
than the catalyst will be particularly advantageous.

Results and discussion
Mathematical modelling

The mathematics and practical aspects of the method are dis-
cussed and demonstrated using the most common form of rate
law for a monophasic reaction that is mth order in a single yield-
limiting reactant R and nth order in catalyst C, eqn (1). In
general however, the CAKE concept is not restricted to this case
and further development of the method will allow analysis of
a more diverse set of systems and rate laws. Initially, the reac-
tant concentration is R, and there is no catalyst in solution. At
time zero, the catalyst is injected into the solution at a constant
rate p (in M s~ '), with rapid mixing assumed to maintain
homogenous concentrations throughout the solution. It is
assumed that neither the addition of the catalyst nor sampling
from the solution significantly changes the reaction volume,
and that there is no catalyst degradation. Therefore, we require
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the solution of the empirical rate law eqn (1) with the time

dependence of the catalyst (in all its forms) in eqn (2).
SR _ erayncy 1)

C(t) = pt (2)

Substitution of eqn (2) into eqn (1), and solution of the
resulting differential equation by separation of variables, as
described in the ESLt gives the result in eqn (3):

k nln+l
Roexp(— 5+1) ,m=1
R(l) = ( ) 1 1 (3)
m— Dkt T
R0(1+4R0%+1(7l+1)) 7Wl?":l

In the case of m =< 0, eqn (3) only applies up to time (R, "(n
+1)/k(1 — m)p™)""* | after which the concentration is 0.

A significant simplification occurs if the normalized concen-
tration R(t)/R, is written as a function of #/t,,, where t,, is the time
for the reactant concentration to fall to half its initial value (eqn
(4)). The rate constant k and the rate of catalyst addition p no
longer appear explicitly. That is, the normalized concentration vs.
t/t,, curves have shapes that depend only on m and n.

2(1/n)" m=1
R _ . (@)
Ro <1 + (2 - 1)(z/zl/z)m> " el

These profiles are illustrated in Fig. 1 for selected integer
values of m and n, though the equations are also valid for non-
integer orders in m and n, and negative orders in m. The
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Fig. 1 Normalized reactant concentrations for different partial reac-
tion orders. Reactant order m is coded by colour: m =0red, m =1
green, and m = 2 blue and catalyst order n is coded by line style: n =
0 dotted, n = 1 dashed, and n = 2 solid.
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dependence of ¢, on the parameters is given in the ESI.T Note
that the case of zero order in the catalyst is the case of a simple
mth order reaction for which the results are well known."

Reactions that are zero order in reactant (red) characteristi-
cally reach the baseline at a steep angle, and for catalyst orders
of 1 and 2 the shape is that of continuously increasing rate with
a maximum slope at the end of the reaction. Reactions that are
first order in reactant (green) change from the familiar first-
order decay curve to S-shaped curves for catalyzed reactions.
The initial reaction rate is limited by the low concentration of
the catalyst. As the reaction proceeds, the catalyst concentration
increases such that the rate maximizes near ¢, ,,. As the reaction
nears completion, its rate decreases again, as it becomes limited
by low reactant concentration. Reactions that are second order
in reactant (blue) exhibit a similar pattern, though they have
distinctly different profiles.

The analysis above shows that a single experiment can be
sufficient to extract the order in reactant (m), the order in
catalyst (n), and the rate constant of a reaction, in contrast to
existing kinetic analysis techniques. This can be done by
nonlinear least-squares fitting to one of the analytical expres-
sions in eqn (3). Alternatively, the fitting procedure can
numerically integrate the rate law differential eqn (1) at each
iteration within the least-squares minimization algorithm. The
numerical integration method is more general in that it can be
used for other rate laws that may not have an analytical solu-
tion. The latter method is implemented in a web tool http://
www.catacycle.com/cake to which one can upload the reactant
and/or product concentration vs. time data and the rate of
catalyst addition, and the tool will return m, n, and £, including
quality of fit estimates. Alternatively, the code is freely available
at https://github.com/peterjhw07/cake and can be downloaded
for offline use and modification, for example to fit to different
rate laws.

Consideration of two timescales is important for successful
CAKE analysis. The first is the kinetic timescale, which may be
quantified as the half-life #, in a conventional non-CAKE
experiment, in which the catalyst concentration has
a constant we take as the “reference” catalyst concentration Cpef.
The second timescale is the time ¢, to reach the same reference
catalyst concentration in the CAKE experiment. These charac-
teristic times are related to the half-life in the CAKE experiment
by the universal relationship:

()™ =+ Dty (5)

This relationship holds for any values of reactant order, rate
constant, addition rate or reference catalyst concentration. The
value of ¢, is always larger than the smaller of ¢, and ¢, and may
exceed the larger of these by up to 44% (see the ESIT). When ¢,
and ¢, (and therefore ¢,,,) are comparable, accurate results are
easily obtainable. We may expect to probe the limits of the
method when the experimental and kinetic timescales are
significantly mismatched, and we have simulated such
mismatches (see the ESIf). These simulations show that fit
quality is significantly degraded by large mismatches between
the rate constant and injection rate. For suitable monitoring
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conditions, a catalyst addition rate that achieves the same
catalyst concentration used in a non-CAKE reaction, at half the
time of the non-CAKE reaction half-life, is usually appropriate
(see the ESIt). The fit quality is also affected by the data density.
Computational simulations with as few as 20 data points (see
the ESIt) show that the accuracy of the method depends more
on the noise level than the density of data points, and that good
results do not require a high data density.

Standard errors reported herein for the nonlinear least-
squares fits have the same significance as in linear least
square fits. They represent only the statistical uncertainty due to
noise in the data, under the assumption that the noise level is
independent of time and the fit has converged to the minimum.
Confidence intervals are approximately two (95%) or three times
(99%) the quoted errors. Comparison of fits to different models,
such as the reaction order(s) fixed at integer values vs. floating
non-integer orders, requires statistical tests, such as the F-test.
Development of the CAKE program to include such tests is in
progress. Systematic errors occur when the kinetics are more
complicated or the experimental conditions are non-ideal, e.g.,
the injection rate is not constant. In such cases, the equation
fitted does not reflect the underlying data, and systematic errors
can compromise the significance of the quoted errors.

Experimental application

Improving efficiency of determining reaction orders. To
initially test the CAKE methodology, I -catalyzed H,0, decom-
position was selected, which produces H,0 and gaseous O,.**
This was a good test reaction as it is simple and robust, and has
well-understood kinetics. The overall rate equation is first order
in both reactant and catalyst, due to a combination of H,0, and
I” being involved in the rate-limiting step, and has a reported
rate constant of ~0.01 M~' s~1.2*2¢ Furthermore, the overall
rate equation being first order in both reactant and catalyst is
the most common case for catalytic reactions, making the
reaction highly desirable for initial testing. Undergraduate
laboratory experiments typically use five experiments to estab-
lish order in catalyst and substrate,” but CAKE efficiently
establishes these values in a single run. Here, O, formation led
to displacement of a liquid, which was measured using a mass
balance. Triplicate CAKE experiments were used to demonstrate
the reproducibility of the method. Averaging the fitted param-
eters leads to k = 0.016 &+ 0.001 M~ **° s™! m = 1.09 + 0.02, and
n=1.16 & 0.02, where these errors are the standard errors of the
replicates. The low errors show that the three experiments were
highly reproducible. Therefore, it was deemed appropriate to fit
to the average and lower and upper errors of the three data sets,
with the resultant narrow error region between runs showing
that the experiments were little affected by random error
(Fig. 2).

The fitted orders in reactant and catalyst were close to 1 (1.11
and 1.18) while the rate constant was 0.017 # 0.003 M "' s~ .2
The obtained reactant order was similar to a literature value of
1.01.* Likewise, the catalyst order showed good agreement with
literature results of 1.03 (ref. >*) and 0.94.2° These experiments,
like CAKE, yielded non-integer reaction orders. To ensure that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 CAKE plot of gaseous O, evolution over time for |~ -catalyzed
H,O, decomposition as measured by displacement, showing average
experimental data (black), with its respective error region (grey) and the
overlapping CAKE fit (dashed red). A CAKE catalyst (purple) and
a standard non-CAKE experiment (green) are shown for comparison.
Fitted parameters: k = 0.017 + 0.002 M+?° s m =111+ 0.01,and n
=118 +£ 0.03.

units are correct, CAKE rate constants are reported in M~
s~ . However, the fitting program also allows for constraining of
the orders to defined integer values. If both m and n are con-
strained to 1, the resulting rate constant is 0.008 + 0.001 M "
s~'. Both obtained k values, were comparable to literature
values of 0.0115,2* 0.011,%° and 0.0176 £ 0.0017 M~ s~ .26 As for
existing kinetic analysis techniques, deciding the validity of
integer vs. non-integer orders is at the discretion of the user, but
is best determined using statistical tests, such as the F-test.
Development of the CAKE program to include such tests is in
progress. The obtained reaction orders and rate constants were
comparable to literature values, showing that CAKE could be
used successfully for kinetic elucidation.

Following the successful fitting of a reaction which was first
order in both reactant and catalyst, reactions with different
orders were examined to further access the capabilities of CAKE.
A non-CAKE I -catalyzed H,0O, decomposition reaction was
performed (similarly to that in Fig. 2, green), but with KBr
added continuously, forming a CAKE system (Fig. 3). Constant
[I"] meant that its effect on the rate did not change, and thus
was ignored. Under these conditions, Br~ should not catalyze
the reaction and hence exhibits zero-order behaviour.””

The obtained CAKE fit indicated that the reaction is first
order in H,O, reactant and zero order in Br under these
conditions. This indicated that Br~ was not involved in the rate
determining step of the reaction. This shows that CAKE can be
used for elucidating a zero-order “catalyst”, ie., whether
a species is active as a catalyst. Although the literature indicated
that H,O, decomposition cannot be catalyzed by Br~ under
neutral conditions,” such a reaction could theoretically be
competing with I -catalyzed H,0, decomposition. However, the
high fit quality of the CAKE plot suggests that this does not

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CAKE plot to determine the catalytic order of Br~ in H,O,
decomposition as measured by displacement by product O,, showing
experimental data (black) and overlapping CAKE fit (dashed red). The
Br~ “catalyst” (purple) and |~ catalyst (grey) are shown for comparison.
Fitted parameters: kops = 0.00100 + 0.00006 M3 s m =1.20 +
0.01, and n = 0.13 + 0.01.

occur on a meaningful timescale and is therefore effectively zero
order under these conditions.

CAKE was successfully used to decipher different catalyst
orders. Next, the capability of CAKE for elucidating different
reactant orders was investigated using another reaction. An
ascorbic acid iodine clock reaction was studied, with I™ cata-
lyzing ascorbic acid oxidation, which the literature indicates is
zero order with respect to ascorbic acid reactant and first order
with respect to the I™ catalyst.”® The first step of the reaction is
the rate-limiting combination of excess H,O, and I to make I,.
I, subsequently rapidly oxidizes ascorbic acid, reforming I".
The 100-fold excess of H,0, causes its concentration to change
negligibly during the reaction, meaning its effect on the rate
scarcely changes, and hence was ignored. Consumption of
ascorbic acid was monitored using UV-vis spectroscopy until the
endpoint of the reaction was reached. Like the model case, for
a zero-order and first-order reaction in reactant and catalyst
respectively (Fig. 1), the CAKE plot showed an increasing rate of
reactant consumption until all reactant was consumed, in
contrast to the conventional non-CAKE zero-order reaction in
which the reaction rate was constant (Fig. 4).

The orders in reactant and catalyst were calculated to be 0.24
+ 0.05 and 1.6 + 0.2 respectively. These errors are relatively
large compared to that of the CAKE experiments performed
previously, for example in Fig. 2, n = 1.18 £ 2.5% compared to
1.6 £ 13% in Fig. 4. This is due to greater variation in the
experimental data, showing that the errors produced by the
CAKE program account for reduced confidence in the fitting.
Assuming an integer order, the reaction was zero order in
reactant, agreeing with the literature. In contrast, the results
suggested that the catalyst could be either first or second order
when taking its error into account, although second order was
slightly favoured. However, fitting catalyst order whilst

Chem. Sci., 2023, 14, 9970-9977 | 9973
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Fig.4 CAKE plot of | -catalyzed oxidation of ascorbic acid, measured
using UV-vis spectroscopy. Experimental data (black) and the corre-
sponding CAKE fit (dashed red) are compared to those of a conven-
tional non-CAKE experiment showing zero-order behaviour (blue).
Fitted parameters: kops = 1.12 + 0.09 M %8s m=0.24 + 0.05,and n
=16+0.2.

constraining to zero order in reactant, as indicated by the above
fitting, yielded a catalyst order of 1.3 £ 0.2, better agreeing with
the literature. Likewise, when fitting to integer orders, zero
order in reactant and first order in catalyst provided the best fit.
These differences demonstrate the complexity of determining
meaningful errors for these parameters, beyond quality of fit
errors.

Order with respect to the excess H,0, reactant could be
probed using a constant catalyst concentration with continuous
H,0, addition. Order with respect to the acid catalyst H" was
not explored, as unlike I, no H' instead allows a different
reaction to occur, namely the I -catalyzed H,0, decomposition
reaction investigated previously. This could be circumvented by
running a usual CAKE reaction and only modelling the latter
portion, or by starting with a set amount of H" and then
continuously injecting more. Development of the CAKE
program such that these experiments could be fitted is ongoing.

CAKE was used to successfully determine both catalyst and
reactant orders, and rate constants for multiple robust reac-
tions. However, many catalytic reactions are not robust, with
catalysts being vulnerable to degradation and poisoning.
Therefore, CAKE was extended to be able to determine kinetic
parameters in such systems.

Accounting for poisoning. Avoiding running multiple reac-
tions when using catalysts which are vulnerable to poisoning,
for example organometallic catalysts or enzymes, would be
particularly advantageous. Measurement uncertainty between
experiments might arise in systems with extremely low catalyst
loadings, for instance, due to trace impurities. Therefore, CAKE
offers a significant advantage over existing techniques.

If the reaction solution contains impurities that bind rapidly
and irreversibly to the catalyst, these will effectively destroy the
initial catalytic activity. Such poisons can arise from trace
oxygen or moisture, solvent stabilizers, or the impurities in
a starting material.>**® Because the catalyst is added slowly in

9974 | Chem. Sci, 2023, 14, 9970-9977
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CAKE experiments, only very small amounts of catalyst are
present at the beginning of the reaction and will be at a lower
concentration than the irreversibly binding poison. This delays
the effective starting point of the catalytic reaction until all
poison has been consumed by the catalyst. Accordingly, CAKE
fitting was adapted such that ¢ — ¢;,; was replaced by ¢ — tin; —
tpois, Where the new fitting parameter ti,j + t0is is the effective
starting point. Utilising the known catalyst injection rate and
the fitted time delay allows estimation of the amount of catalyst
poisoned. This adaptation only accounts for complete catalyst
inhibition, i.e., rapid and irreversible catalyst poisoning, though
development of other catalyst activation and degradation
pathways is ongoing.

CAKE was first applied to a system where poisoning could be
tightly controlled before testing it on reactions that used cata-
lysts more vulnerable to poisoning. For this, I -catalyzed H,O,
decomposition was revisited. The experiment was run identi-
cally to the previous one but with AgNO; (~0.2 mmol) dissolved
in the reaction solution prior to continuous I" addition (0.02
mmol min~" in the reaction solution). Upon I" addition, Agl
precipitated rapidly, removing I from solution and therefore,
making I" inactive as a catalyst. The obtained non-poisoned
and poisoned CAKE experiments had similarly shaped plots
but with the poisoned experiment appearing to start signifi-
cantly later (Fig. 5).

As predicted, the start of the reaction was delayed in the
presence of catalyst poison. However, the CAKE fit indicated
that the reaction took longer to initiate than expected, being
delayed by ~14.9 min with ~0.30 mmol catalyst poisoning
instead of the anticipated 10 min delay with 0.20 mmol catalyst

CAKE fit (fyqs 2 0) Average CAKE

2‘i nj S

! tys ' CAKE fit (fos =0)
2.00 |, P, iy
1 1 -t
1 1
150, .
Té . . Poisoned CAKE fit (f,q;s = 0)
S 1 1 Poisoned CAKE
2 1.00|' ! /
Ko} 1 1 /
] 1 1 _ fast
= | | ,/ Ag'+ I —— Agl(,
050\ 1/ [/ H0p+ 2% H0+ 1O
fast
: /| H05 410" —> H,0 + Oyg) + I
/
0.004
0 20 40 60 80 100

Time / min

Fig. 5 CAKE plot of gaseous O, evolution over time for | -catalyzed
H,0O, decomposition as measured using displacement, in the absence
(black, see Fig. 2) and presence (grey) of Ag* poison. Different CAKE fits
were obtained when disallowing poisoning (dashed red, see Fig. 2) or
allowing poisoning (dashed green and dashed blue, respectively).
Allowing for poisoning, fitted parameters in the absence of Ag*: k= 5.7
+0.2x10°M 28571 m —0.985+0.004,n =0.8354 0.008, tpeis =
3.47 £ 0.07 min, catalyst poisoning = 0.069 + 0.001 mmol. Fitted
parameters in the presence of AgT: k=42 + 02 x 10> M9 st m
= 0.908 £ 0.006, n = 0.78 £ 0.02, tpois = 14.9 £ 0.2 min, catalyst
poisoning = 0.298 + 0.004 mmol.
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poisoning. This was unexpected. Upon revisiting the original
non-poisoned CAKE fit to allow for poisoning, a ~3.5 min delay
and ~0.07 mmol catalyst poisoning were obtained. This seemed
to suggest that some catalyst poison was present even in the
seemingly non-poisoned system. Assuming this poison was
present in both reactions, a truer ~11.4 min delay and
~0.23 mmol catalyst poisoning were obtained for the purpose-
fully poisoned system, which was comparable to the 10 min
delay and 0.20 mmol catalyst poisoning expected. This indi-
cated that CAKE results could be fitted to account for catalyst
poisoning. However, it also showed that accurately calculating
poisoning is difficult. Indeed, computational simulation of
poisoning shows that ¢, is the most challenging parameter to
fit (see the ESIT) Nevertheless, for systems which are vulnerable
to catalyst poisoning, estimating a ¢ using CAKE fitting is still
advantageous. This fitting is an option available in the CAKE
web tool, and it is suggested that users estimate ¢,,is within
these systems, although the results should be treated with
caution. Comparing different fits with detailed analysis of
statistical and systematic errors is planned but is beyond the
scope of this paper.

In light of these conclusions, the poisoning correction was
retrospectively applied to the fitting of the I"-catalyzed ascorbic
acid oxidation reaction (Fig. 4). The obtained values were much
closer to the expected orders of 0 in reactant and 1 in catalyst,
suggesting that some catalyst poisoning had occurred (fitted
parameters: kyps = 1.0 £ 0.1 M >?* s m =0.13 £0.05,n = 1.1
+ 0.2, tpois = 0.7 & 0.2 min, catalyst poisoning = 0.13 & 0.04 M).

Following this, two systems prone to catalyst poisoning were
studied. First, a Suzuki-Miyaura cross-coupling reaction
between an arylboronic acid and a charge-tagged aryl iodide was
monitored using PSI-ESI-MS, using Pd(PPh;), as the pre-
catalyst.”® The literature indicates that transmetalation or
oxidative addition are typically the rate-limiting step in such
reactions.*** Therefore, the effect of catalyst activation on the
overall rate was assumed to be negligible. The literature also
shows that organometallic palladium complexes, such as
Pd(PPhj3),, are vulnerable to poisoning, for example by O,, H,O,
and CN™.>***3 This risk of catalyst poisoning makes pot-to-pot
reproducibility challenging, and hence, CAKE drastically
simplifies kinetic investigation of this reaction. A charged-
tagged aryl iodide was used to ensure that reactant and
product intensities were comparable to their relative concen-
trations. The resulting CAKE fit indicated that significant cata-
lyst poison was present in the reaction solution (Fig. 6).

As predicted, the onset of reactivity was delayed signifi-
cantly beyond the time of injection, indicating catalyst
poisoning. Nevertheless, reasonable reaction orders and
a rate constant were still obtained. The resulting CAKE fit
indicated a reactant order of 1.28 + 0.01 and a catalyst order
of 0.66 + 0.02. Under the simplest assumption that the
reaction has integer orders, these agree with reports of
similar reactions in the literature, including a RPKA study.*>**
It should be noted that these literature studies did not
attempt non-integer fitting, instead only showing a good fit to
first-order behaviour. However, such fractional orders in
catalyst may indicate a mechanism involving an equilibrium

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

tpois
14—
10.0 . CAKE fit o s
1 Y - [Product]
”
; ' “  Php
s 8.0| 1 /’ 3@ O
= o " T
= I 1
S 60| 1 OMe
© I I
= 1 1
E'C)’ 40| 1 1
o 1 1 / @
© ! I PhyP
20| ! 1y o
I v L PFe [
! I/ ~ CAKE fit [Reactant]
00 1 V3
0 ty 5 10 15

Time / min

Fig. 6 CAKE plot of a Suzuki—Miyaura cross-coupling of an aryl iodide
and an arylboronic acid, with PSI-ESI-MS monitoring of both the
reactant (black) and product (grey) undertaken and CAKE fits (dashed
red and blue, respectively) subsequently obtained. Fitted parameters:
Kobs = 8920 £ 70 M99 s, m =128 + 0.01, n = 0.66 + 0.02, tyois =
2.36 £ 0.02 min, catalyst poisoning = 0.237 £+ 0.002 pM.

with a reversible dissociation of at least one species on the
catalyst resting state.** As such, these significantly non-
integer orders in both catalyst and reactant obtained from
a single CAKE experiment could suggest a complex reaction
mechanism, with the details currently under further
investigation.

Accounting for poisoning also improved the CAKE fit when
investigating an enzyme-catalyzed reaction (Fig. 7). This
involved alcohol dehydrogenase (ADH) -catalyzed ethanol
oxidation, monitored using UV-vis spectroscopy to measure the
cofactor product absorbance (A.x = 340 nm).
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Fig. 7 UV-vis CAKE experiment of ethanol oxidation catalyzed by
alcohol dehydrogenase, showing integration (between 330 and
350 nm, black) of UV-vis spectra (Amax = 340 nm, inset) and the cor-
responding CAKE fit (dashed red). Fitted parameters: kops = 6.4 + 0.2 x
10" M”72 571 m = 0.936 + 0.008, n = 0.78 % 0.02, t,os = 0.49 +
0.08 min, catalyst poisoning = 4.3 +£ 0.7 nM.
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From the fitted parameters, the reaction is first order in both
cofactor reactant and enzyme catalyst, agreeing with the liter-
ature.”” The reactant order with respect to ethanol could be
probed using a constant catalyst concentration with continuous
ethanol addition. CAKE program development to allow fitting of
such experiments is ongoing.

Most examples explored herein exhibited behaviour that was
approximately first order in catalyst, because this is most
commonly the case for catalytic reactions. Significant deviations
from the expected reaction orders may indicate the limitations
of fitting to the general rate law used throughout (eqn (1)). For
example, cases that are <1st order in catalyst could involve other
pathways, such as other types of catalyst poisoning than those
accounted for herein, catalyst decomposition, equilibria
involving multiple catalytic species, or a competitive uncata-
lyzed pathway. Cases that are >1st order in catalyst could
suggest an induction period, such as catalyst activation, pre-
catalyst dimerization or the catalyst being involved in two steps
with similar rates. Such cases will be explored as CAKE is further
developed; however, users can already download and modify
the existing code, to allow for fitting to different rate laws.

Conclusion

CAKE is a single-experiment approach to kinetic analysis of
catalytic reactions that provides a plethora of useful kinetic
information, including reaction orders, without the reproduc-
ibility concerns that arise from conducting multiple reactions.
We consider it a powerful and informative experimental
strategy of first resort when kinetically probing a catalytic
system. Catalytic systems can exhibit a wide range of complex
behaviours that a single experiment cannot hope to fully
capture. However, CAKE has some distinct advantages over
traditional multi-experiment approaches to kinetic elucidation
of catalytic reactions and is simple, reliable, and relatively fast.
We hope that this simple and fast technique will encourage
others to perform kinetic analysis in reaction systems which
otherwise would be published without kinetic exploration.
Ongoing developments of the CAKE methodology will improve
its accuracy and usability, for example, allowing reaction orders
to be determined in multiple reactant systems, systems with
reactants in a little or considerable excess, and excess catalyst
systems. Furthermore, reaction volume changes and integrated
error analysis beyond simple curve-fitting will be considered.

Experimental

The CAKE experimental protocol used herein is simple. First, all
reaction components except the catalyst are combined in
a reaction vessel under normal experimental conditions
(temperature, stirring, etc.). Second, the data collection process
is initiated, and the catalyst is continuously infused using
a syringe pump, starting at time ¢;,;. The concentration of the
infused catalyst solution should be maximized, such that its
addition to the reaction solution causes minimal change in the
solution volume, whilst still being injected at a reliably constant
rate. The exact flow rate and concentrations are not critical but
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should be chosen with the expectation that the reaction will be
complete before the catalyst solution has finished infusing.
Guidance for selecting an appropriate catalyst addition rate is
found in the ESI.f To aid with CAKE experiment design, the
experiment may be simulated using the web app or open-source
code described above. In cases where the reaction is not
complete by the time catalyst infusion ceases, the data up to
that point can be successfully fitted, and the information gained
can be used to repeat the reaction at higher catalyst loading, if
deemed necessary. Comprehensive details of the examples
presented herein are available in the ESL7

Data availability

All data collected in this paper is freely available at https://
doi.org/10.5683/SP3/IDD7DB.
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