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Abbreviations

A A2 reactants

a1 scaled concentration of Az

az scaled concentration of Az

b scaled concentration of |

c scaled concentration of P

I intermediate

P product

PHset set pH value

Q 1,4-benzoquinone

QClI 2-chloro-1,4-benzoquinone

QMe 2-methyl-1,4-benzoquinone

QMe2 2,6-dimethyl-1,4-benzoquinone

QR 1,4-benzoquinone derivative

QR-H: hydroguinone derivative

QR-OH hydroxy-quinone derivative

Q-2,6-Cl, 2,6-dichloro-1,4-benzoquinone

Q-2,5-Cl; 2,5-dichloro-1,4-benzoquinone

a mole fraction of the hydroxy-quinone derivative in
the product of the photoreaction ([QR-OH]J/(JQR-OH] +
[QR-Hz]))

e molar absorptivity of the quinone derivative at its
excitation wavelength

ey weighted average of the molar absorptivities of the
photoproducts (QR-Hz, QR-OH) at the excitation
wavelength

@ quantum yield

Dpg -on quantum yield of the hydroxy-quinone derivative

@, photon flux of the UV lamp at the excitation wavelength

K scaled rate coefficient

K", Ky measured and fitted (with double exponential function)
pseudo-first order rate coefficients

£ reaction coordinate

{ optical path length

o initial concentration ratio of the reactants
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Introduction and objectives

Currently, an essential problem of the society is the depletion of fossil
fuels [1-3]. It is of great importance to utilize renewable energy sources to
provide the energy demands of humanity [4]. Solar energy can be an
attractive alternative, which takes advantage of the electromagnetic
radiation continuously provided by the sun [5,6].

The aim of my study was to develop a method for the investigation of
photochemical reactions, which enables rapid and fast determination of the
quantum yield of the studied reaction [7]. It was required to develop this
method without the use of special photochemical apparatus, and this method
should also make the quantitative characterization of the reaction possible
even when low light intensities are applied. Thus, it can be decided easily
whether the given substance might be applicable for solar energy utilization
or not. Quinone - a substance participating in photosynthesis - and its
derivatives were selected for the development of this method [7].

It is an interesting problem that halobenzoquinones and their
derivatives can promote cancer [8,9]. The number of cancer patients
increases exponentially [10], discovering its sources and making them safe
is essential. Therefore, another goal of my research was to find a way of the
transformation of halobenzoquinones and their derivatives. For this reason,
the ketone-bisulfite reaction was used. The detailed kinetic characterization

of this reaction was desirable during my study.
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Methods and instruments

A special pH-stat technique was applied for the studying the
photochemical reactions of 1,4-benzoquinone (Q) and its derivatives (Q-
2,6-Cl2, Q-2,5-Cl2, QCI, QMe, QMey) at different pH values (pHset). The
hydroxy-quinone derivatives (QR-OH) formed in the photoreaction of 1,4-
benzoquinone derivatives (QR) are weak acids. Once the pH is set constant
during the measurement, the formation of QR-OH can be followed easily
by plotting the volume of the added base against the time. The schematic

design of the pH-stat system is shown in Figure 1.

365 nm

Thermostated detect pH
. b Titrator PC control
chamber adding titrant

Figure 1: Schematic setup of the pH-stat apparatus [11]

The concentration change of hydrogen ion was followed with a
Metrohm hydrogen ion selective glass electrode, which was connected to
an ABU93 Triburette titrator. Initial pH values were set with KOH or
H>SO4 solutions of known concentrations. The measurement was
controlled by the stock software of the titrator, the pH and the volume of
the continuously added KOH solution was measured in time. Spectroline
FC-100/F UV-A lamp was used as a light source emitting at 365 nm
wavelength. The photon flux of the lamp was determined with actinometry.
During the pH-stat measurement the temperature was set constant
(25.0+0.1 °C) with a Lauda K4R thermostat. Samples were stirred with
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VWR Lab Disc magnetic stirrer and with a Teflon coated magnetic stir bar.
Argon gas (99.996%, Linde) was bubbled through the samples to prevent
the dissolution of carbon dioxide from the air into the samples.

It was verified with HPLC that the pH-stat technique is well
applicable to study the photochemical reactions of QR. These analyses
were carried out on a HP1090 liquid chromatographic instrument
containing an autosampler and diode array detector. Separations were
performed on a Hypersil ODS (100 x 4.6 mm, 3 pum) reversed phase
column. Components were eluted under isocratic conditions (eluent:
MeCN:0.1 v/v% trifluoroacetic acid = 18:82) and were detected at 200 and
280 nm. The flow rate of the eluent was 1 mL min™, the injected volume
was 20 pL. The obtained data were evaluated with ChemStation software
(Agilent, Santa Clara, CA).

During the examination of the reaction between QR and sulfur(1V), it
was observed that 1,4-benzoquinones with electron withdrawing substituents
(Q-2,6-Cl2, Q-2,5-Cl2, QCI) reacted very rapidly, on stopped-flow time
scale. For fast kinetic measurements, an Applied Photophysics DX-17 MV
sequential stopped-flow instrument was used. The temperature was set
constant with a Julabo F12-ED thermostat to 25.0+0.1 °C. 99.99% nitrogen
gas (Linde) was applied for the measurements. The Pro-Data SX v2.5.0
software was used for fast kinetic measurements. The dead time of the
Applied Photophysics DX-17 MV Sequential stopped-flow instrument was
1.51£0.03 ms, which was determined with the reaction of 2,6-
dichlorophenolindophenol and ascorbic acid, under ascorbic acid excess
[12].

Kinetic fitting software were applied for matrix rank analyses, for

determining pKa values, for the evaluation of the Kkinetic curves of
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photochemical reactions and also to evaluate measured and fitted curves
obtained for the QR-sulfur(1V) reactions. MicroMath Scientist [13] was used
for fitting with the least squares method. The ZiTa [14] Kinetic fitting
software was applied for fitting larger datasets. Matrix rank analyses were
carried out with MatLab software [15].

New scientific results

1. For the first time, a pH-stat technique was used to follow the
photoreactions of 1,4-benzoquinone derivatives to determine the
guantum yield of the reaction.

It is well known that quinones are transformed into hydroxy- (QR-
OH) and hydroquinone (OR-H2) in a disproportion reaction, in the
presence of light [16-18]. In my research, the photochemical reactions of
1,4-benzoquinones with electron donating (QMe, QMe2) and electron
withdrawing (Q-2,6-Clz2, Q-2,5-Cl2, QCI) substituents were studied in a
wide pH range with the pH-stat technique [19].

An example kinetic curve recorded during the photochemical
reaction is shown in Figure 2. During the measurement, the pH was set to
5.0, which was held constant by continuously adding KOH solution to the
reaction (right side y axis). Furthermore, there was no change before
turning the UV lamp on, after which a weak acid (QR-OH) was formed.
The volume of the added KOH solution (Vkon) was in proportion to the

formation of this acid.
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Figure 2: pH-Stat measurement of QMe
c(QMe) = 1.00-10 M, V(QMe) = 50.0 cm®
pHset = 5.0, c(KOH) = 0.04147 M, T=298.2 K

The optimal base and quinone concentrations, illumination time, set
pH values were determined in the experiments and the quantum yield of

the examined photoreaction was calculated based on these parameters.

2. An equation was created for the mathematical description of the
kinetic curves obtained in the pH-stat measurements. This equation
can be applied for any photochemical reaction that is accompanied

with pH change, if the parameters are appropriately specified.

Most experiments were carried out in the pH range of pKai(QR-
OH)+1.5 < pHset < pKa1(QR-H2)-1.5. With these initial parameters, the pH-
stat kinetic curves describe the formation of the QR-OH, thus, @, o, —
the quantum yield of the formation of hydroxy-quinone derivative — can be

expressed, as follows:
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dj — dVKOH CKOH
QR-OH g
dt @,(1-10"%")

1)

where Vkon is the volume of the added KOH solution, ckon Is the exact
concentration of the titrant, / is the optical path length, &} is the molar
absorptivity of the given QR at the excitation wavelength and @, is the

photon flux of the light source. With equation (1), only the first period
(initial reaction rate) of the kinetic curves can be characterized. By taking

into account the following two equations ((2) and (3)), too,

d_é: = %(1—10_60'@”00 ((1_§)g£i+§g£” )/ (CkoH +§Co)j - _5.)8;;;' . (2)
dt VOCO (1_6)6_;“ +§g£n
CoV
Vicon =5 e0 @3)
KOH

equation (4) is obtained, which can be used to fit entire kinetic curves. In

equation (2), & is the reaction coordinate, Vo is the initial volume of the
sample (after setting the pH constant), ¢," is the weighted average of the
molar absorptivities of the photoproducts (QR-H2, QR-OH) at the
excitation wavelength (365 nm) and c, is the initial concentrations of

quinone solutions (QR).

dVKOH —a 40 (1_:|_o—5(05\/0co‘9zizgi +VionCion (6" =€ ) Vicon +0‘Vo))
dt CkoH

(@VoCy —VkonCron )&izgi )
) L = _
aVoCoég' +VionCkon (Ea —€o')
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Most parameters were fixed over the calculations (@, !, ckoH, C,,

Vo, &i' és &,"), the value of these were determined in independent

experiments. The photon flux of the light source was determined based on
actinometry. Reflection and scattering of the light were taken into account
at the determination of the optical path length.

First, the product ratio of QR-H2:QR-OH = 2:1 was used, as can be
found in the literature [20]. However, the curves thus fitted were not in a
good agreement with the measured kinetic curves. Therefore, a parameter «
was introduced, which is the mole fraction of QR-OH in the photoproducts
([Q-OHJ/(]Q-OH] + [Q-H2])). This parameter « was calculated upon
fitting. Besides, the quantum vyield of the photoreactions (@ value) was
calculated with equation (4), as it was the aim of the optimization of the
technique.

| propose that the pH-stat technique with the created equation can be
applied to study any photochemical reaction accompanied by pH change.
Only the following parameters must be determined in independent
experiments: the photon flux of the light source (1), the exact concentration
of the acid or base used to set the pH constant (2), the optical light path (3),
the initial concentration of the illuminated sample (4) and the initial sample
volume (5). In addition, the value of the molar absorptivity must be
measured in an independent experiment (6). Inert atmosphere, stirring of
the sample and constant temperature must be provided throughout the
measurement. After determining these 6 initial parameters and inserting
them into the equation (4), the method can be applied to calculate the value
of the quantum yield of the examined photochemical reaction simply and

rapidly.
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3. It was verified in independent experiments that the proposed pH-
stat technique is well applicable to follow the photochemical reaction

of different 1,4-benzoquinone derivatives.

It was necessary to verify the applicability of the proposed pH-stat
technique with an independent measurement. Therefore, HPLC analyses
were carried out to determine the concentrations of the formed
photoproducts (QR-OH and QR-H2) quantitatively and the concentration —

time curves calculated in different ways were compared (Figure 3.).
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Figure 3: Determination of hydroxy-quinone concentration
with HPLC és pH-stat techniques [11]
¢(Q-2,5-Clp) = 1.00-10° M, V(Q-2,5-Cl,) = 5.0-10% dm?, pH = 3.97,

total illumination time = 10 min

The products were identified based on their UV spectra and elution
order. The quinone solution (Q-2,5-Clz2) was illuminated for 10 min,
samples were taken periodically after different times and were analyzed by
HPLC. The QR-OH concentrations obtained with the two different

techniques were in good agreement (Figure 3).
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4. It was proved that the Kkinetic curves recorded in the
concentration-, temperature- and pH-dependent measurements of the
QR-sulfur(lV) reactions can be fitted with double exponential functions
even under non-pseudo-first order circumstances. A model for the QR-

sulfur(I1V) reaction was proposed.

Kinetic curves detected during the concentration-, temperature- and
pH-dependent kinetic measurements were fitted at a single wavelength and
then together at two different wavelengths with the double exponential
function. Under the same experimental conditions, the same pseudo-first
order rate constants were obtained by using the fittings with only one or two
different wavelengths. Figure 4 shows an example of these fittings, with the
dots representing the measurement data and the lines representing the fitted

curves.
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Figure 4: Fittings of the absorbance change in the reaction of Q-2,5-Cl, and
sulfur(1V) with double exponential function in the MicroMath Scientist software
¢(Q-2,5-Cl,) = 0.50 mM, ¢(S(1V)) = 1.00 mM, totar = 1S,

(acetate buffer) pH =4.5,1=1.0M, T=298.2K
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Exponential fitting is used widely. However, it is only trivial when one
reactant is present in large excess. In my measurements, the concentrations
of the reactants were comparable, but the obtained Kkinetic curves were still
well characterizable by fitting the measured data with a double exponential

function. A kinetic model was proposed for the reaction, as follows:

Q+Skk<:>1QS
QS—*2 5| (5)

l+S— 5P

5. The mathematical description of the model reaction
A, +A, 51— 5P proved that the scaled kinetic curves can be

fitted with double exponential functions. It was also proved that the
values of the pseudo-first order rate constants determined in the

experiments can be estimated well prior to the global fitting.

To describe the QR-sulfur(lV) reaction, a model (5) was built.
MicroMath Scientist and ZiTa softwares were used for the calculations.
Along with the most concentration ratios, the reverse process of the first
reaction step was negligible. Thus, it was not taken into account in the

simplified model (6).
A +A, 5| L 5P (6)

In the applied model, A1 and A2 represent two different reactants. In
the first step of the reaction of these two reactants, several — non-reactive —
products can be formed besides I, but they do not affect the mathematical

description of the reaction.

11
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Although the analytical solution for most two-step processes is known
[21-23], the numerical solution of the differential equation system is simple,
which can be given with fitting software.

There were 6 parameters in equation (6): 4 initial concentrations and 2
rate constants. In the analysis, it was suggested that no intermediate or
product but only the 2 reactants (A1 and Az) were present initially. It was
advantageous to use scaled concentrations (a1, a2, b, c), a scaled rate
coefficient (x), the ratio of A1 and Az (o) and scaled time for the calculations.
With these scaled quantities, the differential equations contained only 2
parameters: xand o.

Kinetic curves were generated in the mathematical analysis to
eliminate experimental error, which resulted in a 10 x 11 matrix. The
parameter set was the following: 10 > o> 1 and 10 > x> 0.1. The generated

curves were fitted with double exponential function (Figure 5).
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Figure 5: Simulated kinetic curves: change of the dimensionless concentrations
of Az, Az, P and | (a1, az, b, ¢) as a function of the scaled time (z) [24]

(@: x=10,0=1,(b): k=8, 0=7
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The errors of the fittings and the values of the obtained pseudo-first
order rate coefficients were examined. It was proved with comprehensive
mathematical analysis that on the basis of model (6), the Kinetic curves can
be approximated well with double exponential functions. However, the exact
description is only possible with complicated mathematical formulas (with
hypergeometric function).

The pseudo-first order rate coefficients of the QR-sulfur(1V) reaction
can be estimated well according to Figure 6, even before the global fitting,
based on the pseudo-first order rate constants of the double exponential

fitting of the absorbance-time curves measured at different concentration

ratios («" and «3').
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Figure 6: Scaled rate coefficient values (b1, x2) Obtained from the double
exponential fittings of the simulated kinetic curves as a function of «(o —0.5).
Both axis are logarithmic.

(Grey triangles and grey circles show values for c=1and o= 2,

black markers show the results of every other calculations.) [24]
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Possible utilization of the results

The proposed pH-stat technique is applicable for determining the
quantum yield of other photochemical reactions if the reaction is
accompanied by a pH change. Only the above-mentioned 6 parameters
need to be determined in independent experiments that should be inserted
into equation (4). The determination of the quantum yield is useful, it helps
deciding if the given substance is potentially applicable for solar energy
utilization or not.

The full quantitative description of reactions is an important aim in
the field of chemistry. The exact interpretation of the measurement data
obtained during the experimental observations or building a model is a
central issue in chemical kinetics. Exponential fitting can be used generally.
However, it is only based on observations in most of the kinetic research.
With the studied simple model (6), it is now proved that the description of
kinetic curves under non-pseudo-first order circumstances is possible with

the application of double exponential function.

14
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