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Abstract

The aqueous photoreaction of 2,6-dichloro-1,4-benzoquinone produces 2,6-dichlorohydroquinone, 2,6-dichloro-3-hydroxy-1,4-benzo-
guinone and dioxygen. This reaction was used to demonstrate that a commercial diode-array spectrophotometer is a useful tool for the
study of photochemical reactions. The white light going through the sample cell concurrently drives and detects photoreactions. Itis shown
how quantum yields can be determined. A method for interpreting the full time course of the photoreaction is also presented.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and 2,6-dichloro-3-hydroxy-1,4-benzoquinone (DCHB) as
shown inEq. (1)
Quinones are known to undergo a large variety of photoin-

duced reactions which are dependent on the soljer8].
Simple quinone derivatives show — 7* transitions usu-
ally in the near UV[4,5]; intersystem crossing to the triplet

state is very efficient, and the lifetime of the triplet state is
long enough for successful trappifiy6,7]. DCHQ DCHB

In our ongoing experiments designed to study the |In early (butnotln more recent) repoffss,18—20] it was
mechanism of the destructive aqueous oxidation of 2,4,6- suggested that the actual photochemical process produces a
trichlorophenol, a compound regarded as priority pol- mixture of substituted hydrogquinone and 1,2,4-benzenetriol
lutant because of its toxicity and persistency, we noted as shown irEqg. (2) and hydroxyquinones are formed only
that the reaction rates were influenced by light, even in secondary chemical processes. This implies the formation
the fluorescent room lights of the laboratof8]. The 3,5-dichloro-1,2,4-benzentriol (DCBT) as an intermediate in
aqueous photoreaction of 2,6-dichloro-1,4-benzoquinone the DCQ-system.

(DCQ), a known intermediate during the oxidation pro- o OH OH

cess, was identified as a possible source of light sensitiv- al c o cl cl cl al

ity in the system[8]. Earlier data available on aqueous — +

photochemical reactions of 1,4-benzoquinone and its sub- H,0 HO @
stituted derivatives[1,6,9-23] showed that the product o) OH OH

should be a mixture of 2,6-dichlorohydroquinone (DCHQ) DCQ DCHQ DCBT

The formation of DCBT is formally an addition of water
e to the quinone; the product DCHQ derives from reduction,

* Corresponding author. Tek:1-515-294-5370; faxi}1-515-294-5233. h DCHB is f idati R ti 1 tb
E-mail addressestenteg@delfin.klte.hu (G. Lente), whereas ; _IS rom O_XI a_lon' eaction ( ) cannot be
espenson@ameslab.gov (J.H. Espenson). water-assisted disproportionation because the two products

1 Fax: 36-52-489-667; Tel: 36-52-512-900. are not formed in equimolar amounts. The triplet excited
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states of 1,4-benzoquinones are known to be strong oxidiz-broad);?H (H20); 7.00 ppm;}3C (CDCk): 147.1, 128.0 (t,

ing agentg6,13], thus the direct formation of the oxidized J = 27Hz), 125.4, 121.7 ppm; m.p. 66—6C.

product DCHB in the photochemical process seems to be DCQ-d; was prepared by oxidizing 2,4,6-trichlorophenol-

unlikely. The only available reagent is water, and in earlier dy with CrQOgz in glacial acetic acid using a procedure pub-

work [6,11,12,16]it was postulated that water is oxidized, lished earlier for the synthesis of undeuterated prof2ijt

but the oxidation product was not identified. In the introduc- The raw product was purified by vacuum sublimation. NMR

tion of two closely connected papers it is stated thgDplis 2H (CHCL): 6.64 ppm;13C (CDCk) 182.6, 172.9, 143.4,

produced, but neither references nor experimental data arel33.6 (t,/ = 27 Hz); mp. 117-118C.

offered to support this statemeftl,12] Other reagents, including 1,4-benzoquinone, DCQ, and
In this paper, we report our results on the aqueous pho-1,2,4-benzentriol were purchased and used without further

toreaction of 2,6-dichloroquinone. Using this reaction as an purification. lon exchanged and ultrafiltered water from a

example, we intend to prove that a commercial diode-array Millipore MILLI-Q purification system was used to prepare

spectrophotometer can be used as a tool to study photochemsolutions.

ical reactions. In a diode array spectrophotometer intense

polychromatic light goes through the sample, which can be 2.2. Instruments and software

used to drive the photochemical reaction. The same beam

can also be used to detect the process as well. Quantitative NMR spectra were calibrated using the residual signal

interpretation of the data obtained with the polychromatic of the deuterated solvertH NMR spectra were recorded

light beam is possible considering the emission characteris-in non-deuterated solvents and referenced for the signal of

tics of the light source and the absorption properties of the CD3CN (§ = 1.55ppm)[30]. GC/MS experiments were

photoactive substance. As photochemical reactions necesperformed on a Finnigan Magnum ion trap mass spectrom-

sarily involve spectral changes, the method presented hereeter equipped with a 30 m DB-5 column using He carrier

is general and could in principle be used for every photo- gas. Electron impact and electrospray ionization mass spec-

chemical process. tra were recorded on a Finnigan TSQ700 triple quadrupole

mass spectrometer fitted with a Finnigan Al/Cl ion source
or Finnigan ESI interface, respectively.

2. Experimental section A combination chloride ion selective and pH electrode
was used with a precision pH-meter. The electrodes were
2.1. Materials calibrated daily using standard NaCl solutions and standard

buffers. An oxygen monitor was used to measure the con-
DCHQ was prepared by reducing DCQ with diethylhy- centration of dissolved oxygen.

droxylamine[24,25] 'H NMR in CDCls: 6.82 (s, 2H), 5.45 A Shimadzu MultiSpec-1500 single-beam diode-array
(s, broad, 1H); in RO: 6.86 ppm (s):3C NMR in CDsCN: spectrophotometer equipped with a temperature controller
151.2, 143.0, 122.8, 116.4 ppm. The peculiar feature of this unit was used to study the photoreaction. The halogen and
compound is that only one of the two non-equivalent OH deuterium lamps can be independently switched on and off
hydrogen atoms is detectable in thd NMR spectrum in in this instrument, and their focused polychromatic light
CDCls. This signal disappears after the addition of a drop beam is directly led to the sample. In addition to the usual
of D,O. The EI mass spectrum of the prepared solid was absorbance and transmission measurements, it is also pos-

in very good agreement with a published spectri28]. sible to measure the energy of light with this instrument.

2,2,6,6-Tetrachlorodiphenoquinone was prepared by dry The instrument has 512 elements in the diode array in a
microwave oxidation of 2,6-dichlorophenol by Fg®H,0 wavelength range of 190-800 nm, affording an independent
[27]. H NMR,(CDCk): 7.41 (s); (O) 7.40 (s). experimental reading every 1.2nm. The operating software

A stock solution of DCBT was prepared by illuminating can collect data with optional wavelength steps of 2, 1, 0.5,
a 2mM aqueous solution of DCQ for about 2h and then 0.2, 0.1 nm using an appropriate interpolating algorithm.
reducing the DCHB with agueous NaBHThe reducing As the independent readings are 1.2 nm apart, using a lower
agent had to be used in deficiency, because using it in excessvavelength step does not result in more measured data,
resulted in further unidentified reactions. and the 2nm wavelength step was used throughout this

2,4,6-Trichlorophenol-3-8 was synthesized by a modi- work. An attenuating filter lies in the light beam between
fication of a literature method reported for the preparation of the sample cell and the detector in the wavelength range of
undeuterated 2,4,6-trichloropherj@B]. Five hundred sixty =~ 634—-684 nm, to prevent the saturation of the detector at the
milligram of phenolds and 1.28 g MgGl-6H,O were dis- strong 656 nm resonant line of the deuterium lamp. This
solved in 8.5ml of concentrated hydrochloric acid. Then filter could in principle cause complications because it is
2.0ml of 30% HO, was added dropwise to the ice cooled after the sample but before the detector. However, in our
mixture, which was kept at 5@ for 4 h. Light yellow crys- photoreaction light is not absorbed above 500 nm and the
tals formed (1.07 g, 96%), which were filtered and puri- presence of the filter was not a problem. A standard 1cm
fied by vacuum sublimation. NMRH (CDCls): 5.8 ppm (s, quartz cell was used in all experiments. The solution in the
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cell was stirred by a 12 mm 12 mmx 7 mm stirrer that fits 20 T -
beneath the cell. Ferrioxalate actinometry was performed
following published protocol§31-36]

Some measurements were also carried out where the pho- 4
toreaction was followed off-line and driven by a commer-
cially available 500 W halogen lamp. The spectral properties
of this lamp were recorded by directing its light beam to <10 1
the detector of a diode-array spectrophotometer used in the
energy-sensitive mode. These experiments were done using b
Pyrex glassware.

Although absorbance is unitless, the notation absorbance
unit (AU) will be used whenever it is important to empha- 1.2 3
size the origin of the data. Th&kp values were determined 0.0 L
by a combined pH-metric and UV-Vis spectrophotometric
technique. The software Scientist was used to carry out
least-squares fittingg 7]. Differential equations were solved
numerically on a Microsoft Excel worksheet with Euler’s
method.

(@) (nm)

3. Results and discussion
< 1.0

3.1. General chemical observations

When an aqueous solution of DCQ is subjected to the
intense light of a halogen lamp, substantial changes can be
detected by UV-Vis spectrophotometiyig. 1). A solution
kept in the dark does not change for hours, but fluorescent 0.0
room light also drives the photochemical reaction.

In earlier reports, it was clear that water is oxidized dur-
ing the reactiori6,11,12] but the oxidation prOdUCt was not Fig. 1. UV-Vis spectral changes in the aqueous photoreaction of 2,6-
identified. Two possible oxidation products are®4 and dichloro-1,4-benzoquinone. (&) freshly prepared solutior; after 70 min
03, and we carried out experiments to decide which of these in the dark,3: after 65 min in room light: after 61 min of illumination.
is formed. The presence 0k, was tested by adding Kl in (b)_S_pectraI changes in an illuminated sample as a function of time;
a somewhat acidic medium to observe the strong absorptiong‘g"g‘i”%';pg:]?nat[DOé 15:22' 23'm‘;r\}|-5'7§ ;5 g’ogf 1Ot'h1|2' 1t5h'_ 119' 24, 30,
of I3 formed. This method could be used only when DCQ "~ - [PCQr2 +1 = o T pal fengin: Lem.
was absent because it also oxidizes iodide ion. Molecular
oxygen does not react with iodide ions under these condi-
tions. A test carried out with a fully photolyzed solution was - T
negative showing that #0, and DCQ were not present in
the final solution. Experiments with anp@neasuring system ‘0"
showed that the concentration of dissolved oxygen started or ** i
to increase as soon as the illumination bedaig.(2), and
after about 15 min it was not possible to continue the mea-
surement because bubbles at the surface of the electrode
corrupted the results. It is thus concluded that dioxygen is =
formed in the process. lamp turned on

Further experiments with a pH electrode showed that
an unbuffered and originally neutral sample of DCQ turns
acidic during the photoreaction. The pH reached a value
about three in 2 h. Measurements with a chloride ion selec- 0 . .
tive electrode showed that Clwas not a product or inter- 0 8 16
mediate of the reaction. t (min)

To determme the final Orga”'c_ pl’OdUCt distribution, a Fig. 2. Dissolved oxygen concentration as a function of time in the
2mM solution of DCQ was illuminated for 5h and then gark and under illumination in an agueous solution of 2,6-dichloro-1,4-
water was carefully evaporated at ca.°f) under high benzoquinone. [DCQ¥ 2.0 mM; T = 25.0°C.

(b)

\d
de00000tt0

[O,] (mg/L)
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vacuum. The remaining solid was analyzed by various under which 1,4-benzoquinone is known to be oxidized
methods. In the NMR, DCHQ was the major product and a to 2-hydroxy-1,4-benzoquinon@9]. The UV-Vis and the
large number of small peaks were also detected. A GC-MS NMR spectrum of the product matched the ones observation
run (solvent: CHCI,) gave evidence for the presence of made in the photolytic reaction.

more than 30 compounds at low concentration levels with

molecular weights about or higher than 300. When the pho- 3 5 Reaction of benzoquinones with benzenetriols
toreaction was carried out inJD and analyzed with NMR
directly (without isolating any solid), the only detectable

products were DCHQ and DCHB and their concentration np,65r0duct, then DCHB is formed in a secondary chemical

ratio was constant thrfjughout the course of the reaction o tion. Reliable thermodynamic data were only available
([DCHQL[DCHB] = 1:0.52). These results suggest that (o yhe unsubstituted 1,4-benzoquinone system. Electrode

the chemi<_:a| composition of the sample changes Cons_id'potentials indicate thahE° = ca. +0.1V [40] for Eq. (3)
erably during the workup necessary for GC-MS analysis.

To confirm this conclusion, water was gradually evaporated Q oH oH oH
from a fully photolyzed DCQ solution and samples were . OH . O 3)
taken from time to time. UV-Vis and ESI mass spectromet-

H H

ric analysis of these samples gave evidence for substantial
chemical changes during concentration and the appearance i ) _
of compounds with high (>300) molecular weights were '€ product, 2-hydroxy-1,4-benzoquinone, is a relatively
confirmed by ESI MS. Similar phenomena were observed Strong acid (Ka ~ 3.5) [18] and its dissociation should
when the photolyzed solution was heated (402 It is significantly contribute to the driving force and make the re-
clear that workup before any analysis could result in chem- &ction practically complete. We postulated that a secondary
ical changes. Based on earlier observations, these chemicafemical reaction like this between the primary photoprod-
reactions are likely to be oligomerization processes involv- Uct DCBT and reagent DCQ could be responsible for the
ing DCHB (*humic acid formation’}16]. It should also be formation of DCHB in our reaction. Experiments confirmed
noted that a fully photolyzed, dilute solution was stable at that .th|s reaction in fact occurs and its kinetics was also
room temperature for at least 10 h even under illumination. Studied. o _ _
Spectroscopic methods not requiring sample treatment Detailed kinetic measurements were carried out with
were used to search for further products or intermediates. Unsubstituted 1,4-benzoquinone (Q) and 1,2,4-benzenetriol
2,2,6,6-Tetrachlorodiphenoquinone, in principle a possi- (BT) because the solubility of these offered a much larger
ble intermediate[38], is not formed during the reaction. working concentrathn range than that available m_the DCQ
This was confirmed by comparing NMR and UV-Vis ob- system. At pH 6.55 in phosphate buffer the reaction could
servations with those obtained using an authentic sampleP€ followed by the stopped-flow method. The absorbance of
of 2,2,6,6-tetrachlorodiphenoquinone prepared indepen- the dissociated 2-hydroxyl-l,4-kienzoqumone at 485nm was
dently. The possibility of the formation of a quinhydrone, Menitored ¢ = 2500M~"cm™7) and 1,4-benzoquinone

i.e. a highly colored molecular complex of DCQ and DCHQ, Was used in large excess. Single exponential curves were
was also rejected experimentally: mixing a 1 mM solution detected and the pseudo first-order rate constants were di-

of DCQ with a 3mM solution of DCHQ did not result in rectly proport.ional to the.concentration of the excess reagent
any UV-Vis spectral changes. 1,'4-benzoqumone proving that the reactlpn is first-order
It was concluded that the photoreaction produces only with resp_ect to both reagents. At pH 4.40 in acetate buffer
DCHQ and DCHB in a molar ratio of 1.89. Spectropho- the reaction was slower. A pH-d_ependent study shovx_/ed
tometry and pH determinations gav&p = 1.57 + 0.02 that the rat.e was mversely proportional to the hydrogen ion
for DCHB and showed that the anionic form has the strong Concentration in the studied range, pH4-7. The overall
band with the peak at 524nm dominating the spectra €XPerimental rate law is
shown inFig. 1L The acid dissociation of DCHB clearly [QIBT]
explains why the solution turns acidic during the photore- ¥ = W (4)
action. The molar absorbance of the dissociated anionic
form of DCHB (¢ = 2530+ 60M1cm™1) was deter-  The valuek = (1.694+0.07) x 10~3 s~1 was determined with
mined by measuring the UV-Vis and the NMR spectra least-squares fitting. This rate equation was also confirmed
of a photolyzed solution in the presence of a standard in experiments without buffer, where the pH change was
substance in known concentration. These values com-also taken into account. The detected kinetic curves gave
pare well with 2-hydroxy-1,4-benzoquinone: it hasl§;p  an excellent fit to the integrated form of raf). (4) The
of 3.5, the dissociated form has UV-Vis peak at 485nm inverse dependence on the hydrogen ion concentration is
and a molar absorbance of 2500 m=1 [18]. To fur- readily interpreted by assuming that the reactive form of
ther confirm the identity of the DCHB, DCQ was ox- benzenetriol is the anion obtained after an acid dissociation
idized with HO> in slightly basic solution, conditions step. The known I§; of this process is about 9[41].

If one accepts the hypothesis that DCBT is the direct
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Similar measurements were carried out using DCQ and a 0.2 T T
stock solution of DCBT, although the concentration range
was somewhat limited by the relatively low solubility of o
DCQ. Because of the preparation method of the DCBT ‘u*'
stock solution, these experiments were carried out in the .
presence of DCHQ and boric acid (about 0.1 and 0.02 mM,
respectively), but adding more of these compounds did not
influence the rate. This reaction was faster than the one
with unsubstituted reagents, the typical reaction time being C iakas™
about 1s even at pH 3. The rate law showrkEm (4) was A“
found to be valid for reaction (5) with = 4.8+ 1.0s~1 Ao ab d
(measured pH-range: 2.5-3.5). The larger value for the rate :::m“m,,,,,,.,.......mo«m'""
constant is in agreement with the expectations that DCBT 0.0 . L
should have a lowerky; than 1,2,4-benzenetriol. 0 20 40

t (min)

(6] OH OH OH
" OH . OH Fig. 3. Kinetic traces measured by a diode-array spectrophotome-
? ter in the aqueous photoreaction of 2,6-dichloro-1,4,-benzoquinone.
c I Cl Cl cl lcl Cl [DCQ] = 1.08 mM, (@) = 524 nm and path lengta 1 cm for all curves.
H H H T = 25.0°C (trace a, ¢ and d)T = 10.0°C (trace b); no stirring for
(5)

trace c; only the visible lamp was used for trace d.

A (524 nm)
o
[

In summary. we have shown that reaction (5) may be to photolyze. A constant number of photolyzed molecules is
responsible for the observed formation of DCHB in our €quivalent to a smaller concentration change when the vol-
system. This conclusion is most likely true for the photore- ume is larger. All later experiments were done using a fixed
actions of other substituted benzoquinones as well. We alsovolume (3.00 cr). Fig. 4ashows how the initial rate de-
note that on the time scale of a laser flash photolysis exper-Pends on the concentration of DCQ. The saturation in this
iment (which is usually shorter than 1 ms), a benzenetriol curve is not unexpected because the rate should be propor-

could reasonably be considered as a product. tional to the number of absorbed photons rather than to the
concentration. Addition of NaN@slows down the process

3.3. Photochemical studies with a diode-array as shown irFig. 4h In the UV, nitrate ion absorbs some of

spectrophotometer the light driving the reaction. Similarly, dimethyl sulfoxide

(DMSO) also slows down the reaction, but the reason must

When a stirred solution of DCQ is placed into the diode ar- P€ different because DMSO does not have significant ab-
ray spectrophotometer, the photoreaction can be driven andSOrPtion. Quantitative analysis of the data showed that the
monitored conveniently at the same time. Absorbance—time effect of DMSO is competitive inhibition and the initial rate
traces are shown #fig. 3 This figure shows that the reaction &t constant DCQ concentration is expressedy(6) The
proceeds with the same rate at 10.0 and 26.8s expected dependence of the initial rate on these three concentrations
for photoreactions. In other experiments, the reaction was Will be interpreted quantitatively in later sections.
shown to be temperature-independent from 10.0 to 8D.0 ka
Thg figure a!so shows that the apsence of .stirring resultsV = —1+kb[DMSO] (6)
in irreproducible traces. The reaction can still be detected i o )
when the deuterium lamp of the instrument is turned off and With the diode array spectrophotometer used in this study, it
only the W lamp is used, but the rate is much lower. The ex- is possible to measure the relative energy of the light at each
perimental observations were the same in air-saturated angvavelength. This was a key factor in the quantitative inter-
oxygen-free solutions, so dissolved oxygen does not seem tgPretation of the photoreaction driven by polychromatic light.
influence the overall photoreaction. It is also notable that the The part of thephoton flow{42] of the light beam absorbed
presence of some oxygen is inevitable even in experimentsPY the solution, which we terrphqtop countfor brevity, can
started with degassed solutions becausés@roduced dur- e calculated for monochromatic light as follows:

ing the process. N =CxAx Epeamx (1-10"%) (7)
The initial rate measured at 524 nm was used for ki-
netic purposes, to monitor the formation of DCHB £ whereA is the absorbance of the solutidEyeamthe energy

2530 M~1cm1). First it should be noted that the initial rate  of the light beam,C the constant incorporating Planck’s
was inversely proportional to the volume of the solution used constant, the speed of light and a conversion factor which is
in the cell. This phenomenon was not unexpected and theneeded because energy is measured on a relative scale.
reason is also clear: the light source provides a constant num- When polychromatic light is used, the photon counts of all
ber of photons, which cause a constant number of moleculeswavelengths are summelg. (8) Here the A’ superscripts
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the photoactive component can be calculated if the molar
absorbances and concentrations are known:

A
Cactfact A — A%
N—CXE — = xAXE x (1—-10
- Zi (Cisf‘) beam ( )

(9)

wherecactis the concentration of the photoactive specigs,
its molar absorption, and the summation in the denominator
is done for all the absorbing species present in solution.
Ferrioxalate actinometry was used to determine the con-
stantC [33]. A standard 0.006 M ferrioxalate solution was
studied in the diode-array instrument. The amount of Fe(ll)
formed after different illumination times was determined by
taking samples through its ferroin complex following ac-
cepted protocol$33]. From these data, the formation rate
of Fe(ll) was calculated. The quantum yield of the process
is known and it shows some minor wavelength dependence
[31]. ConstantC was calculated by dividing the formation
rate of Fe(ll) with the photon count of the solution also tak-
ing the quantum yield into account. During the actinomet-
ric calibration we also noticed that the spectral changes in
the ferrioxalate solution are small but measurable, and af-
ter careful validation it may be possible to do ferrioxalate

- actinometry without the need for iron(ll) determination in
. separate analysis steps.
0'00 05 Fig. 5 shows the initial rate measured at 524nm as a
(b) NaNO, (M) function of the photon count. The data define a straight line
with some scatter. Most of the points appearing in this figure
) ' were measured at different DCQ concentrations, hence the
different photon counts. Points measured in the presence of
3.0 nitrate ion, a point measured with DCQ dissolved i
o~ and points measured using the driving force of the with
é visible lamp only are also on the line. These observations
:
51-5 ' DO
Liﬁ, — i O ¢ -
> g
0.0 . L § /e
"o 0.05 01 g o
© DMSO (M) g, NaNO ¢ ¢
i - e®DCQ-d
Fig. 4. Initial rate at 524nm in the aqueous photoreaction of g a -
2,6-dichloro-1,4-benzoquinone as a function of the concentration of . .
2,6-dichloro-1,4-benzoquinone (a), added Nakl), added dimethyl sul- *
foxide (c). Path length= 1 cm and7 = 25.0°C for all figures; [DCQl= ]
0.36 mM (b), 0.72mM (c). vis
0 ! ;

are used to emphasize that the absorbances and energies are
functions of the wavelength.

photon count (nmol min™")

10

N=CxY {hx Ejgamx (1—1074))
A

Fig. 5. Initial rate at 524 nm in the aqueous photoreaction of 2,6-dichloro-
1,4-benzoquinone as a function of photon counts. Path leagihcm;

T = 25.0°C. Vis (squares): using the visible lamp only as a driving force.
D,0O (cross): experiment done inpD. NaNGQ; (triangles): experiments

When the photoactive component is not the only absorbing gone in the presence of NaNODCQ-ab (circles): experiments done
species in solution, the appropriate proportion absorbed byusing 2,6-dichloro-1,4-benzoquinode-dissolved in HO.
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prove that nitrate ion does not exert a specific effect on the tral distribution of driving photons in different experiments,
photoreaction, it simply acts as an internal filter, and this is the initial rates correlate with the photon counts quite well
already taken into account in the definition of photon count, (seeFig. 5). This shows that the quantum yield does not
Eqg. (9) The rate is the same inJ® and HO showing that depend significantly on wavelength.
there is no solvent isotope effect. A solvent isotope effect Fig. 1billustrates that the photoreaction is accompanied
would have been unexpected in the photoreaction becausdy an absorbance decrease in the region around 350 nm.
the rate is proportional to the number of photons absorbed Thus 346 nm, the peak of DCQ, was also used to study
by the photoactive species. Points measured using a solutiorthe photoreaction. At this wavelength several components
of DCQ-dy in H2O deviate from the line significantly. The have absorptions as also indicated by the non-zero final
comparison of rates measured with DCQ and D&Qgives absorbance reading shown kig. 1h The dominating ab-
an overall kinetic isotope effect 0f.49 + 0.05. It should sorbing species is DCQFig. 7a shows that the kinetic
be noted that the UV-Vis spectral properties of these two curves detected at 524 nm were not dependent on whether
compounds are the same within experimental error. the reaction was started in neutral solution, or with previ-
This isotope effect will be interpreted later. ous addition of some acid. The same is not true for 346 nm
From the slope of the line iifrig. 5, (4.39 + 0.08) x (Fig. 7b. Experiments started in neutral solution showed a
104 AU/nmol, the known molar absorbance of DCHB, and small absorbance increase first followed by an almost steady
the volume of the solution the quantum yield of the photo- decrease. Experiments started with the addition of some

chemical process can be determined: acid always gave a steady decrease in absorbance. When
oV the photoreaction was carried out in phosphate buffer at
b =— (20) about pH 7, a very slow and steady increase was seen in ab-

€ sorbance. The reason for this phenomenon was found to be

The quantum yieldbpcyg = 0.52 4+ 0.01 was calculated
for DCHB formation. Based on the constant concentration T

ratio of DCHQ and DCBT, the quantum yield of DCHQ .
formation is@pcHg = 0.98+ 0.02. Because the formation o’
. . LN 4
of either one DCHQ or DCHB necessary involves the loss 010 o .y
of one DCQ, the quantum yield of DCQ loss d&cq = e
PpcHe + PocHo = 1.50+0.02. This is larger than unity, in 2: H
agreement with the assumption the DCQ is lost in secondary z [
chemical reactions in addition to the photoreaction. i 0.05 ot
The spectral dependence of photon count for several dif- ) s?
ferent solutions is shown iRig. 6. The spectral properties < s
of the light used to drive the reaction varies considerably !
from experiment to experiment. Despite the different spec-
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s | N .
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Fig. 6. Spectral dependence of photon count for different starting so- (b) t (min)
lutions in the agqueous photoreaction of 2,6-dichloro-1,4-benzoquinone. )
(A): light beam only, cell filled with water; circles, 0.62 mM DCCH: Fig. 7. Absorbance traces at 524 (a) and 346 nm (b) in the agueous pho-
0.092mM DCQ; diamonds, 0.36mM DCQ, 0.133M [NapJOhatched toreaction of 2,6-dichloro-1,4-benzoquinone started with (1) and without
squares, 1.13mM DCQ with the visible lamp only; path lengti cm; (2) the addition of acid. [DCQ} 1.17 mM; [H*] = 0 (curves), 32mM

T = 25.0°C. (curves), path lengte= 1cm; T = 25.0°C.
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the acid dissociation of DCHQ); it ha¥(g 7.44+ 0.03 and

its deprotonated form hassaenm = 970+ 50 M~tem 1.
Fully protonated DCHQ does not have significant absorp-
tion at this wavelength. The molar absorbance of DCQ is
4844+5M~1cm 1 at 346 nm. Thus the small increasing part
in the experiments started with unbuffered neutral solution
can be explained. At the beginning of the reaction the pH
is close to neutral and a good portion of DCHQ is depro-
tonated giving a significant contribution to the absorbance.
The reaction produces acid and after some time the pH

becomes because deprotonated DCHQ is no longer present._386 M~

With this in mind, initial rates were determined at 346 nm
in experiments where about A0/ nitric acid was added
to the solution before the experiment. The correlation be-
tween the initial rates measured at 524 and 346 nm is shown
in Fig. 8 The points define a straight line going through
the origin proving that the same process is being moni-
tored at the two wavelengths. It is important to note that
the points measured in the presence of DMSO are also
on the line inFig. 8 This means that DMSO inhibits not
only the formation of DCHB (monitored at 524 nm), but
also the loss of DCQ (the largest part of the signal moni-
tored at 346 nm); it does not change the ratio of these two
rates. This finding is important when the effect of DMSO is
interpreted.

The slope of the line shown iRig. 8is —0.377+ 0.004.

hv
DCQ —» DCQ'

and Photobiology A: Chemistry 163 (2004) 249-258

ISC s
— DCQ

Scheme 1. Photochemical and thermal reactions.

Ky Kred
—» DCQy — > —» DCQH + O,

K +DCQ
ko[DMSO] |L‘“; DCBT ———» DCHB
HQ

0.633, the final absorbance was 0.128. The reaction was
driven to completion in that experiments, thii346nm can

be calculated as 484 M cm~1 x (0.128-0633)/0.633 =
Lem~1. With this valueg = —0.440 can be ob-
tained, and the agreement with the experimental value is not
unreasonable. This serves as an internal test of the consis-
tency of our interpretation.

3.4. Proposed scheme

Based on all the information presented, we propose
Scheme 1o interpret the experimental observations.

In this scheme, the triplet state of DCQ formed after light
absorption and intersystem crossing reacts with water to give
an adduct DC@Q, which is not necessarily an intermediate;
it may be a common transition state for thgq and kagq
pathways. Two possible processes compete kisiepath-
way leads to the eventual formation of DCHQ and oxygen
through a series of steps, and thgq pathway leads to the

This slope can also be calculated from the molar absorbancegormation of DCBT, which is oxidized to DCHB by the DCQ

and quantum vyields as given ky. (11)

_ Aezaenm X PpcQ

£524nm X PDCHB

(11

The notationAs346nm is used here because DCQ is not the

present in the reaction. Thesq pathway leaves the hydro-
gens on DCQ intact and only a very small deuterium isotope
effect is expected. However, thgyg pathway leads to break-
ing one of the C—H bonds and a primary kinetic isotope ef-
fect is expected. From the constant ratio of DCHQ and DCQ

only absorbing species at 346 nm. The molar absorbanceformed kreq/ kadd = (1 — 0.53)/0.53 = 0.89. The kinetic

of DCQ is 484Mlcm™1 at 346 nm. In the experiment
shown in Fig. 1k the initial absorbance at 346 nm was

0.0 10°
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Ee .
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E ¢
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g 010 ..
o *
>
o\ ¢
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0.0 10° 2.0103 4.010°
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Fig. 8. Initial rate measured at 346nm as a function of the initial
rate measured at 524nm in the aqueous photoreaction of 2,6-dichloro-
1,4-benzoquinone. Path lengthlcm; T = 25.0°C. DMSO @) points
measured in the presence of varying amounts of dimethyl sulfoxide.

isotope effect 1.49 was measured for the formation rate of
DCHB, which is proportional t@aqq/ (kred + kadd)- ASSum-

ing the kieq is the same for deuterated and non-deuterated
DCQ, kred/ k2, = 1.82 can be calculated aridga/k2y =

2.04 can be obtained; this is not an unreasonable primary
kinetic isotope effect.

An alternative scheme involving some kind of
hydroxylating agent, thus avoiding the formation of the
intermediate DCBT, had been proposed eafli&y]. How-
ever, evidence has already been reported against the in-
volvement of free hydroxyl radicals in the photoreaction
using 2-methyl-1,4-benzoquinof@]. Further, it is unlikely
that a reaction with a hydroxylating agent would not re-
sult in substitution of the chlorine atoms in DCQ in our
system.

To interpret the inhibiting effect of DMSO it should be
kept in mind that the presence of DMSO does not change
the rate of DCQ loss relative to that of DCHB production
(Fig. 8). This observation strongly suggests that the reaction
pathway involving DMSO does not lead to net loss of DCQ.
The only plausible simple explanation we can propose is
that DMSO quenches the triplet excited state of DCQ, as
shown inScheme 1
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It should be noted that our experiments do not define 4. Conclusions
how oxygen is formed after steeg. This is almost sure
to happen in several steps, but these occur after the rate A commercial diode array spectrophotometer can be used
determining step and no kinetic and mechanistic information to study photochemical reactions and to determine quantum
can be deduced from our data. yields. The quantitative evaluation of experiments where a
photoreaction is driven to completion also seems to be fea-

3.5. Full time course curve fitting sible using numerical integration of differential equations.

The conclusions presented in the previous sections were
based on initial rates as a quantitative measure of theAcknowledgements
progress of the photoreaction. We also noted that the con-
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