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Abstract

The laser-induced photolysis of rhodizonate and tetrahydroxy-p-benzoquinone(4 —) (THQ(4 —)) has been studied
with particular consideration of the photoreactions in de-aerated solutions. Both rhodizonate and THQ(4 — ) can be
converted to croconate. The quantum yields using rhodizonate as the initial compound are very small ( < 10—4) and
depend on the applied irradiation technique. Compared with that finding, the photooxidation of rhodizonate in
aerated solutions exhibits large quantum yields ( ~ 0.05) which are independent of the excitation wavelength and of
the laser power. By increasing the local photon density in the irradiation of de-aerated solutions, a hitherto unknown
photoproduct could be detected and was identified as the ring-enlarged species C,02~. The seven-membered ring
compound was characterized by UV/visible and Raman transitions in combination with theoretical investigations
concerning the structure and vibrations of oxocarbons. This new aromatic oxocarbon decays with a half-life of about
20 min. Additionally, the alkaline hydrolysis of rhodizonate was reinvestigated at various temperatures. At room
temperature the uniform reaction yielding THQ(4 —) was quantified by the first order rate constant. At higher
temperatures the quinone represents the only intermediate during the formation of croconate. This consecutive
reaction was found to be independent of the presence of oxidizing agents. Therefore, the rearrangement mechanism
suggested previously has to be revised. © 1997 Elsevier Science B.V. All rights reserved.
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1. Introduction

The oxocarbons represent a class of com-
pounds with the general formula C,0¢~. The
experimentally well-known species are those with
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=3-6 and g=0, —2 (for n=06 also g= —4,
— 6). The spectroscopically most interesting com-
pounds C,02~ have symmetrical structures with
D,, geometry. They derive their aromatic charac-
ter from the cyclically delocalized m-bonds and
exhibit unusually high stability [1]. Besides these
oxocarbons, the reduced form of the rhodizonate,
the tetrahydroxy-1,4-benzoquinone tetraanion
(THQ(4 —)), is of major importance, as the redox
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system triquinoyl/rhodizonate/THQ(4 —) is in-
volved in the degradation of DNA [2]. Fig. 1
depicts the relevant oxocarbons discussed in our
contribution. It has long been known that aro-
matic oxocarbons undergo photochemical decom-
position that depends strongly on the presence of
electron acceptors (dissolved oxygen in particular)
in their solutions. The same is true for the alkali-
induced conversion of rhodizonate to croconate,
which was described as a quantitative method in
1975 [3], but no systematic study of this fruitful
research field was presented until the investiga-
tions of Iraci and Back [4] were published.

The photochemistry of oxocarbons is of interest
from three main viewpoints. First, it is still an
open question whether the photochemical pro-
cesses are similar to those of aromatic or polycar-
bonyl compounds. Second, the possible
application of rhodizonate for the conversion of
solar energy into photoelectrochemical energy de-
pends directly on its photostability. Third, rhodi-
zonate and more especially croconate are known
to serve as photoinitiators for radical polymerisa-
tion [5]. For the first consideration in particular,
THQ(@4 —) also plays an important role because
this anion links the photochemistry of oxocarbons
and quinonoid compounds. The latter show vari-
ous types of photoreactions on excitation of the
bathochromic t—n* or n—n* transition. Previous
investigations for o-chloranil showed
photodimerisation in CCl, and photoaddition to
benzene [6]. 3,5-Di-t-butyl-1,2-benzoquinone ex-
hibited CO elimination on exciting the x—n* tran-
sition with a preceding bisketene intermediate [7],
whereas photodimerisation occurs on exciting the
'n—z* transition [8].

The investigations of Iraci, Zhao and Back [4,9]
were restricted to the photo-reactions of rhodi-
zonate with oxygen in aerated solutions and with
other inorganic [Fe(CN);~ or H,0,] or organic
electron acceptors (e.g., tetracyanoethylene). In
contrast, the irradiation of de-aerated solutions
was found to be inefficient, both with cw irradia-
tion [10] and on flashlight photolysis [11].

In our contribution, we present the photochem-
ical behaviour of rhodizonate and THQ(4 —) on
the excitation of their lowest 'm—n* transition
with an argon ion laser at different output powers

in the range between 10'® and 10'7 quanta cm —2

s~ !, i.e. two orders of magnitude larger than the
light intensities mentioned in [10] or [11]. The
photokinetic investigations were carried out with
both aerated and de-aerated solutions in order to
determine the integral quantum vyields and to
identify the reaction pathways of oxocarbons by
the detection of photoproducts in particular. Ad-
ditionally, the thermal reaction of rhodizonate in
alkaline buffered solutions was reinvestigated with
respect to the determination of the rate constant
and to the influence of temperature or oxygen
content. In this context, the previously suggested
mechanism for the conversion of rhodizonate to
croconate basing on the «-oxo-alcohol rearrange-
ment (benzilic acid type, cf. [12]) has to be
checked.

2. Experimental
2.1. Sample preparation

Sodium rhodizonate (Merck, > 98.5%) was
used without further purification. The oxocarbon
was dissolved in water (Merck, chromatography
label, > 99.9995%) for the photochemical investi-
gations and in a buffer solvent at pH =11 (Fa.
Kraft, glycol/NaCl/NaOH) for the hydrolysis re-
action. THQ(4 —) was prepared by dissolving
sodium rhodizonate in 1 N NaOH at room tem-
perature. The solutions were thoroughly flushed
with nitrogen over a purging period of 30 min in
a cell constructed for this purpose, except for the
photooxidation reactions. The solutions were then
transferred to the UV/vis block cell or the Raman
cell, contact with atmospheric oxygen being ex-
cluded by a nitrogen flow.

o
Tetrahydroxy-1,4-
benzoquinone(4-)

(Hpt)

Croconate (Cr) Rhodi (Rh)

Fig. 1. The investigated oxocarbons; Hpt is 6,7-dthydroxy-6-
cycloheptene-1,2,3,4,5-pentaone(2 — ).
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2.2. Photolysis monitored by UV jvis spectroscopy

The UV/vis absorption spectra were recorded
with a diode-array spectrometer (HP 8452 A) in
the range 200-650 nm. The cycle time for the
measurements on aerated solutions of rhodizonate
was 1 s at an integration time of 0.2 s and that for
de-aerated solutions was 60 s at an integration
time of 2 s. The resolution for all reaction spectra
was 2 nm. Recordings were computer-controlled
using HP 89531A software, which additionally
provides the analysis and fit of zero-order and
first-order kinetics.

The photochemical reactions were induced in a
block cell (Hellma, 119.000F-QS) with four trans-
parent windows (1 cm path length) using the
single emission lines at 457.9, 476.5, 488.0, 496.5
and 514.5 nm of an Ar™* laser (Spectra-Physics,
model 2030). The laser beam was propagated
perpendicularly to the optical axis of the spec-
trometer. The temperature of the cell was stabi-
lized at 298 K by a thermostat (Haake F). For
extensive illumination of the sample, covering
about 35% of the total area of the entrance win-
dow, the laser beam was expanded by a cylindri-
cal lens placed 20 cm in front of the entrance
window. For irradiation at the highest photon
density, the laser beam was focused into the cell
by a convex lens with a focal length of 40 cm. In
this case, the solutions must be absolutely free
from dust particles, as otherwise particles would
be deposited and decomposed at the entrance
window. Furthermore, the solutions were stirred
during the measurements in order to avoid con-
centration and density gradients within the cell.
These could occur owing to local heating on
irradiation with the focused laser beam in particu-
lar. For the quantitative determination of reaction
rates and the construction of the absorbance-dif-
ference plots, the paired absorbance—time values
were converted so that the required routines of
the program KINETIK [13] could be used.

2.3. Photolysis monitored by resonance Raman
spectroscopy

The Raman spectra were detected by a grating
spectrometer (Jarreli-Ash 25-400 Czerny—Turner

type double monochromator, 1 m focal length)
and a Peltier-cooled photomultiplier (RCA
C31034) with a subsequent photon counting sys-
tem. The Ar™* ion laser transition at 514.5 nm
was used to generate the resonance Raman spec-
trum in the spectral range 300—600 cm ~' (Stokes
shift). The excitation power of the laser was set to
500 mW. The fixed slit width setting of the
monochromator (entrance/intermediate/exit slit:
1200/300/600 pm) provides a spectral resolution
of 9 cm~! at 488.0 nm. The scan speed of the
monochromator was set to 100 cm ~! min ~! with
a step width of 0.5 cm~'. The scattered light was
collected at right angles to the excitation laser
beam. The signal processing included smoothing
by Fourier filtering [14] and removal of back-
ground fluorescence.

For the preparation of photoproducts, the sam-
ple was irradiated at 457.9 nm over periods of 20
min with a focused laser beam, which was di-
rected into the stationary cylindrical Raman cell
(see the discussion in Section 4.5). The Raman
spectra were then recorded using the same cell,
but now rotating in order to avoid local heating
inside the liquid sample and to prevent further
photochemical decay [15]. These alternating steps
were repeated until the Raman signals of the
photoproduct attained their highest intensity.

3. Methods
3.1. Determination of integral quantum yields

The determination is carried out according to
the procedure described in [19]. The photochemi-
cally induced decrease of a species A (in this case
the initial compound rhodizonate, abbreviated as
Rh) for a simple primary step of a photoreaction

Hy R
A = B can be written as follows

d[Rh] _

5= — 1000,F(4)® e, [Rh] 1)

where F(A’) denotes the so-called photokinetic
factor with

1—10—4

FA)=—— @
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and includes the time-dependent absorbance at
the excitation wavelength A’. It should be noted
that all primed quantities are related to the excita-
tion wavelength. The factor 1000 fits the volume
unit (litres to cm®) on both sides of Eq. (1). The
integration of Eq. (1) leads to

&= Acd

: (3
v 1000-10J 1 —10~-40dt
0

where v; denotes the stoichiometric factor for the
initial step (usually v; = 1), I, is the light intensity,
d is the absorption path length and 4¢ = ([Rh], —
[Rh],) denotes the conversion of the initial com-
pound. The decisive quantity in Eq. (3) is that
part of time during the whole irradiation period
under consideration during which the laser light
was totally absorbed.

This is expressed by the integral, the type of
which depends on the time law used for the fit of
A'(t). A zero-order fit requires the evaluation of

the following integral
! , t

J(l 1040y = 1 ! 2(D
0

0 Inlom’ = |z(0)

where the substitution variable z(r) corresponds
to

2()= —Ay+m't )

4

4

The only fit parameter is the rate constant m’,
which has to be optimized to achieve a minimum
standard deviation for 4'(t) over as long a time
range as possible. Because of the higher accuracy,
this quantity was not directly evaluated for the
excitation wavelength, but was derived from the
analysis wavelength with respect to the different
absorbances.

Applying the same procedure for a first order
time law, only the integral in Eq. (3) must be
replaced. As the integral type [10~«<*P(=59d;
cannot be directly solved, the expression was cal-
culated using a series formula

t
f1 —10-40dr = ¢

0
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Fig. 2. Photoreaction spectrum of the aerated solution using
an expanded laser beam (A'=496.5 nm, 45 mW); dr1=4 s.
Inset: enlarged wavelength range of the photoproduct absorp-
tion.

with the substitution
z(t)= —In 1045 e~ * )

The polynomial terms were taken into account
up to n=10 to achieve convergence. The fit
parameter k£ denotes the first order rate constant
according to the above mentioned criteria, assum-
ing that the infinity value of 4'(cc) =0.

The light intensity I, appearing in the denomi-
nator of Eq. (3) was measured with a calibrated
power meter (Coherent, model 212). This direct
method is necessary because a suitable actinome-
ter system for the high Ar™* laser intensities in the
blue—-green wavelength range has not yet been
developed. The measured values must be related
to the total irradiated area of the cell (about 4 cm?
for the block cuvette used) and to the specific
molar photon energy.

4. Results and discussion

4.1. Photolysis of rhodizonate in aerated solutions

The marked decomposition of rhodizonate in
aqueous solution is caused by rapid photooxida-
tion. Fig. 2 depicts the reaction spectra on irradia-
tion with the laser line at 4'=496.5 nm and a
moderate laser power of P; =45 mW. The rapid
decrease of the allowed '(n—n*) absorption bands
at 482 and 220 nm (A,,—E,,) corresponds to a
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half-life of about 15 s. Additionally, a small in-
crease of a transition at 288 nm, shown on an
enlarged scale in the inset, and the decrease of
the forbidden (n—n*) transition (E,, symmetry)
at 328 nm of rhodizonate can be observed. The
alterations within the range of small ab-
sorbances (4 <0.1) are based on the short inte-
gration time of 0.2 s. The spectra intersect at
270 nm and over a narrow range at 304-308
nm. Although the very small absorbances of the
only identified photoproduct prevent the forma-
tion of sharp isosbestic points (see Section 4.2),
a uniform reaction can be assumed.

The spectroscopic data do not allow an un-
ambiguous assignment. However, in accordance
with [16,4] and our theoretical investigations
concerning the evaluation of structures and vi-
brations of oxocarbons [17], the only possible
product of the photooxidation is cyclohexane-
hexaone (triquinoyl), usually formed as the oc-
tahydrate [18]. The oxidation-reduction cycle
corresponds to

OX: C6Og T C606 + 26 -
1
Red: H,O + 502 +2e~ -»20H"~

where the generated hydroxide ions make the
pH value increase only slightly because of the
low initial concentrations.

A comparison of these results with those for
croconate in [10] reveals the completely different
behaviour on irradiation in spite of the close
structural relationship and other common prop-
erties. The species cyclopentanepentaone (pen-
tahydrate) cannot be detected, whereas the ring
contraction of croconate to squarate is favoured
even in the presence of oxygen. As indicated by
the small absorption at 364 nm in Fig. 2, the
latter pathway also occurs on the irradiation of
rhodizonate, but the yield of croconate amounts
to only about 5%.

The necessary quantities for the evaluation of
the quantum yields using Eq. (3) in combination
with Eq. (4) are as follows. The concentration
differences Ac are in the range of (1-1.5) x 10~
5 M with ¢, ~(3-4) x 10~°M. The laser power

of 45 mW, corrected for the reflection losses on
all optical elements, corresponds to I,=4.59 x
10-% mol cm~2 s~! (2.76 x 10'® quanta cm
s~ 1) at 488.0 nm. The integrated time for the
total absorption period according to Eq. (4)
amounts to 6—-10 s, during which about 40% of
the rhodizonate is converted.

The calculated quantum yields &, are listed in
the first column of Table 1. First of all, it has
to be pointed out that these values coincide well
with those published in [4]. This is valid, al-
though the light intensity given in [4] amounts
to only 0.25 mW. This value is more than two
orders of magnitude lower than for our experi-
ment. Hence the quantum yields are obviously
independent of both the light intensity and the
excitation wavelength within the bathochromic
In—n* transition. Additionally, the oxygen con-
tent has no influence if the solution contains
an excess of oxygen. Our aerated solutions
were not purged, so that a maximum oxygen
concentration of 3 x 1073 M is present. This
concentration exceeds that of rhodizonate by
two orders of magnitude, whereas Iraci and
Back used equivalent concentrations of both re-
actants.

4.2. Photolysis of rhodizonate in de-aerated
solutions

For all applications mentioned in the intro-
duction (Section 1), the stability of rhodizonate
solutions is a critical precondition. As shown in

Table 1

Quantum yields of the photochemical reactions of rhodi-
zonate: expanded laser beam propagation® and focused laser
beam propagation®

Anm @3 1] o5

Aerated soln. De-aerated soln.

457.9 0.050 1.30x 1074 1.23x 1074
476.5 0.046 0.46%x10~*  1.00x1074
488.0 0.044 043x10~*  0.94x10~%
496.5 0.044 0.24 x 10— 1.01x10~%
514.5 0.043 0.21x107*  1.11x107*
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Fig. 3. Photoreaction spectrum of the de-aerated solution
using an expanded laser beam (4'=488.0 nm, 450 mW);
At=180 s.

Section 4.1, rhodizonate undergoes an extremely
rapid, irreversible photooxidation in the presence
of oxygen. After thoroughly purging the solutions
with nitrogen, photochemical decay or transient
absorptions could not be detected either on laser
irradiation during the recording of resonance Ra-
man spectra [20] or on flashlight photolysis [11].
In contrast, we observed a slight bleaching of
de-aerated solutions over longer irradiation peri-
ods during our resonance Raman measurements.
A systematic kinetic study of this photoreaction
with respect to the kinetics and to the determina-
tion of the quantum yield was therefore carried
out.

Fig. 3 depicts the reaction spectrum on uniform
irradiation of the cell. Croconate is the only iden-
tified photoproduct, characterized by its absorp-
tion feature with the maximum of the n—n*
transition (A} —E{) at 364 nm. The yield of
C;0%2~ amounts to about 40%, calculated from a
molar absorptivity of &g =34000 1 mol~!
cm ). The spectra intersect within the wave-
length range 280-390 nm, where isosbestic points
do not appear. The uniformity of this reaction
can be checked by correlating the decreasing ab-
sorbance (or absorbance differences) of the initial
compound with the increasing absorbance of the
appearing photoproduct for a series of reaction
times. Linear relationships then establish unifor-
mity, whereas non-linear relationships reveal the
existence of intermediates [19]. In this case, the

corresponding wavelengths were selected as 220,
424, 448, and 482 nm for rhodizonate and 338
and 364 nm for croconate. The absorbance differ-
ence (AD) plot in Fig. 4 exhibits a single vertex
with a small slope, so that only one intermediate
at low concentration need be considered.

For this case the evaluation of the quantum
yields requires a first-order analysis using Eq. (3)
in combination with Eq. (6). The critical quanti-
ties are quite different from those of the photoox-
idation. The concentration differences Ac are in
the range (0.5-1.2) x 10~° M with the same ini-
tial concentrations as in Section 4.1. The laser
power of 450 mW corresponds to I, =4.59 x
10=7 mol cm~2 s~ ! (2.76 x 10" quanta cm~2
s~ 1) at 488.0 nm. The fitted first-order rate con-
stants are in the range (0.5-1.7) x 1073 s~ 1. Ac-
cording to Eq. (6), the integrated time for the
period of total absorption amounts to 200—-700 s,
during which about 35% of the rhodizonate is
converted, i.e. two orders of magnitude higher
than the time required for the photooxidation.

As can be seen from the second column in
Table 1, the quantum yields are more than two
orders of magnitude smaller than those obtained
from the photooxidation, and depend on the exci-
tation wavelengths. The wavelength dependence
of @, indicates a multi-photon process wherein
the absorption of the intermediate is increased in
the range of the blue Ar* laser emission lines.

As shown below, the comparison of results
from UV/vis and Raman spectra is of importance

364
AA;
M 338
0.00
-0.2¢ 220
-0.40
424
-0.60
448
-0.90

-110 -100 -090 -080 -8.70 060 -050 -0.40 -0.30

AAggo

Fig. 4. Absorbance-difference plot relating to Fig. 3.
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Fig. 5. Photoreaction spectrum of the de-aerated solution
using a focused laser beam (4’ = 457.9 nm, 450 mW); A1 = 180
s.

for complete understanding of the photoreactions.
As the local photon density is greatly increased
during the recording of Raman spectra with a
focused laser beam, the photokinetics were also
investigated under this condition. Apart from the
well known absorption profile of croconate, the
reaction spectrum in Fig. 5 shows two additional
transitions at 262 and 562 nm. These absorption
bands appear immediately at the beginning of the
irradiation, and they simultaneously reach maxi-
mum absorbance after about 10 min and decay
synchronously. The red shift of the absorption
band at 562 nm by about 80 nm ( ~2000 cm ~ ')
from that of the initial compound must be empha-
sized. This effect was never observed on laser
irradiation of the carbonyl compounds first inves-
tigated. In contrast to the usual decomposing
photoprocesses, a partial reaction step that pro-
vides an expansion of the framework must be
taken into account. The identification of this un-
known species is addressed in the discussion of
Section 4.5.

Comparing the distribution of the photoprod-
ucts with that in the previously described photore-
actions, the yield of croconate is substantially
increased up to 60%. The AD plots (Fig. 6)
relating to the wavelengths of the unknown pho-
toproduct at 262 and 562 nm, those of croconate
at 338 and 364 nm and those of rhodizonate at
256 and 482 nm proved the non-uniformity of the
reactions. The vertices of each graph are much

more distinct than in the case of uniform illumi-
nation. Therefore a single intermediate has to be
considered.

The evaluation of the quantum yields again
requires first-order analysis using the following
quantities. The concentration differences Ac¢ are in
the range (0.5-1.2) x 10~°> M with the same ini-
tial concentration as above. Using the same laser
power of 450 mW, the first-order rate constants
are in the range (1-1.7) x 103 s~ '. In this case,
the integrated time for the total absorption period
varies between 200 and 400 s. The quantum yields
(third column of Table 1), evaluated using a first-
order fit for A'(¢), are independent of the excita-
tion wavelengths. The values are constant within
the range of experimental uncertainty with an
average of @, =1.06 x 10~*. In addition, this in-
dependence indicates a different intermediate that
does not absorb in the blue—green spectral range.
The quantum yields @, and @ in the region of
< 10~ % coincide well with the rough estimate in
[10], where a quantum yield lower than 102 was
suggested (see Table 1).

4.3. Photolysis of THQ(4— ) in aerated solutions

As this reduced species of rhodizonate is of
importance for the complete understanding of
redox reactions of oxocarbons, the investigation
of its photooxidation enables comparison with the
photochemistry of croconate and rhodizonate. Be-
cause of the lower symmetry, the bathochromic
n—n* absorption of THQ(4 —) splits into two

AA;

364
338

0.40

0.20

562

0.00
-0.20

-0.40

456
482

-0.60

080 '__-—_‘_’_’_.———'—

~1,00 _ _ s
-0.03 -002 -00f -0.00 0.0t 0.0z 0.03 0.04 0.05
AAjsg

Fig. 6. Absorbance-difference plot relating to Fig. 5.
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Fig. 7. Photoreaction spectrum of THQ(4 —) at pH 14 (4’ =
457.9 nm, 450 mW); 4¢ =180 s.

allowed transitions at 270 nm (A, - B;,) and 380
nm (A, —B,,). As the emission lines of an Ar™
laser are less effective for the electronic excitation,
the photoreaction of THQ(4 — ) could be induced
only by the blue line at 457.9 nm. The reaction
spectrum in Fig. 7 shows croconate as the only
photoproduct. Distinct isosbestic points are visi-
ble at 300 and 380 nm. The assumption of a
uniform photoreaction can be confirmed by linear
absorbance-difference plots, e.g., analysing the
wavelengths at 270, 286 and 402 nm for the initial
compound in combination with those at 334 and
362 nm for the product. As the absorbances at
4579 nm are very small, reliable values for A'(¢)
are not available, so that the procedure for the
evaluation of quantum yields presented in Section
3 (Methods) could not be carried out. Neverthe-
less, a very high effectiveness of this photoreac-
tion must be postulated, because a very few
absorbed light quanta lead to nearly complete
conversion.

The fact that croconate can be generated pho-
tochemically from both rhodizonate and
THQ(4 —) is in accordance with our structural
investigations for the lowest excited state. Both
semi-empirical (PM3 and AM1 method, for de-
tails see Section 4.5) and resonance Raman stud-
ies [17] reveal the structural coincidence of the S,
states, i.e. Dy, symmetry for the 'E,, state of
rhodizonate and the !B,, state of THQ(4 — ), even
though the C-O bond length is substantially in-
creased in the case of THQ(4 —). This is caused

mainly by the geometrical alteration within the
p-quinonoid framework from D,, to D, whereas
the structure of rhodizonate is only slightly al-
tered in the S, state despite the Herzberg—-Teller
distortion.

4.4. Thermal hydrolysis of rhodizonate at pH 11

The previously discussed photochemical reac-
tions were carried out in weakly basic solutions at
pH =8.3. This corresponds to the actual basic
strength of sodium rhodizonate. On dissolving
rhodizonate in buffers at pH > 10, thermal con-
version of rhodizonate to THQ(4 — ) takes place,
and was reported for the first time in [4]. How-
ever, for this uniform reaction, the reaction order
and the rate constants at various temperatures are
still unknown. Therefore we reinvestigated the
reaction from these aspects in a temperature range
between 298 K (9 = 25°C) and 313 K (3 =40°C)
in steps of 3 K. Although a direct influence of
dissolved oxygen on this thermal reaction could
not be observed, all solutions were thoroughly
purged with nitrogen to exclude any possible oxi-
dative decay.

The reaction spectrum depicted in Fig. 8(a) has
exactly the same features as described in [4] and
exhibits uniform reaction as shown by the isos-
bestic points at 248, 304, 326, and 412 nm. The
absorbance—time values can be fitted using a first-
order time law for which a rate constant of k, =
20x107% s~ ! is obtained by using to the
method of Swinbourne [13]. Assuming the com-
plete conversion of rhodizonate to THQ(4 — ), the
absorptivities for THQ(4 — ) are £(270) = 10700 1
mol ' cm ! and £(380)=118001 mol~! cm~".
The absorption maxima are in the usual range for
p-benzoquinones [21], whereas the very large val-
ues for the absorptivities, with log ¢> 4 point to
the specific electronic properties of THQ(4 — ).

The investigations at higher temperature re-
vealed a significant modification of the reaction
spectrum. Fig. 8(b) shows an increase of the ab-
sorption profile of croconate accompanied by
quasi-isosbestic points at 248 and 412 nm. The
bathochromic absorption of THQ(4 —) is now
overlaid by the absorption of croconate. The hyp-
sochromic band at 270 nm passes through a max-
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imum after about 60 min, followed by a slight
decrease. Based on these facts, the reaction mech-
anism can be described as a consecutive reaction:
Rh - THQ(4 — ) - Cr. The non-uniformity of this
thermal reaction is also confirmed by non-linear
AD plots using the analysis wavelengths 272, 358
and 380 nm for the products in combination with
those of rhodizonate at 456, 482 and 504 nm. The
plot in Fig. 9 shows a single vertex for all combi-
nations, so that only one intermediate, namely
THQ(4 —), is involved in the formation of cro-
conate.

These observations have two consequences.
First, an evaluation of thermodynamic quantities
with the use of the Arrhenius equation is not
possible because of the dependence of the course
of reaction on the temperature. Second, there are
no spectral indications of the formation of inter-
mediates suggested by the rearrangement mecha-

2.0000 4 (a)
1.6000 +

1.2000 4
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1.000¢ -
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Fig. 8. Thermal reaction spectra in buffered solution at pH
11.(a) §=25°C, 4t =600 s; (b) 3 =40°C, 41 =600 s.
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Fig. 9. Absorbance-difference plot relating to Fig. 8(b).

nism. At least the five-membered ring
a-hydroxycarboxylic acid should persist suffi-
ciently for the detection of UV signals to be
possible. Additionally, the rearrangement mecha-
nism requires the presence of oxygen for the
oxidative decomposition of the carboxylic group
to CO,. In contrast to this, we found that no kind
of electron acceptor is necessary for the conver-
sion but the capability for the oxidation of
THQ(4 —) is preserved in the first reaction step.

4.5. Discussion of all reaction pathways

Finally, the previously introduced reactions can
be now summarized in order to develop a com-
plete reaction scheme. In this context, the most
important aspects are the assignments of the UV/
vis bands of the photoproducts and the mecha-
nisms concerning the thermal conversion of
rhodizonate to croconate and the ring-contraction
or ring-enlargement reaction, respectively.

The red shift of the band at 562 nm (see Section
4.2) points to the fact that the delocalized n-sys-
tem of the photoproduct is expanded. This band
originates from the formation of the ring-enlarged
aromatic oxocarbon C,0% . This assumption is
proved by additional experimental and theoretical
data for Hpt. The special experimental investiga-
tions are based on resonance Raman spectra to
locate the vibrational frequencies and on UV/vis
spectra to monitor the thermal decomposition.
The latter measurement is also essential for the
determination of suitable conditions during the
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recording of resonance Raman spectra and for the
correlation of absorption bands detected at 262
and 562 nm. The observation of the thermal
decay was started after the induction period of 10
min, during which the maximum concentration
was reached (cf. Fig. 5). Both absorptions de-
crease with the same first-order rate constant of
6.5 x 10~% s~ ! and, as a result, the photoproduct
has a half-life of 18 min. This result is supported
by trajectory calculations concerning CO abstrac-
tions of oxocarbons [22] where C,03~ was pre-
dicted to be non-persistent.

Hence the recording times of the resonance
Raman spectra must be restricted to a few min-
utes (see Section 2). Oxocarbons exhibit very
characteristic Raman-active vibrations of A and E
symmetry between 300 and 600 cm ~!. The excita-
tion wavelength at 514.5 nm provides a moderate
resonance amplification both for Raman transi-
tions of rhodizonate and for those of the photo-
product. This leads to enhanced sensitivity, which
is necessary for the detection of Raman signals of
C,0%~ at very low concentration (=~ 10~° M).
The corrected Raman spectrum is depicted in Fig.
10.

Besides the transitions of rhodizonate at 432
and 553 cm ~ !, two additional bands at 449 cm !
and 494 cm ! appear. The latter normal modes
correspond to the E; bending (D,,) and the totally
symmetric breathing vibration, presented as insets
in Fig. 10. The vibrational wavenumbers and

33 |
d 3{_?\7 ,\& 1 553

432

Intensity [a.u.]

400 450 500 550
Raman shift AV [em™]

Fig. 10. Resonance-Raman spectrum of the de-aerated solu-
tion after irradiation with a focused laser beam; 4, = 514.5 nm
(7o = 19436 cm '), 500 mW. Insets: normal vibrations corre-
sponding to the observed Raman transitions.

symmetries were confirmed by an ab initio opti-
mized geometry for C,02~ obtained from the
program GAUSSIANS2 [23] with a double-zeta ba-
sis set (HF/6-31G(d)) followed by a vibrational
analysis. The GAUSSIAN92 calculations were per-
formed with the tight SCF criterion, which is ten
times lower than the default values, i.e. 10~ 8 for
the density gradient and 10~3 for the energy
gradient. In the case of Hpt the bond distances
were calculated as rc_-=149.9 pm and ro_,=
121.3 pm at a total HF energy of — 788.91 H.
The optimization was carried out both with sym-
metry restriction (D,,) and with non-restricted
geometrical parameters. For both cases the same
geometry resulted, which is characterized by a
highly symmetric planar structure. The very small
torsions of the ring plane indicated by dihedral
angles smaller than 1° can be disregarded. As
shown from our calculations and previous struc-
tural investigations of the known aromatic oxo-
carbons in [22] and [26], the average deviation of
the bond distances from the experimental values
amounts to less than 2 pm using large double-zeta
basis sets.

Using this theoretical approach for croconate
and rhodizonate, constant scaling factors in the
region of 0.9 were achieved [24]. Applying these
factors to C,03 ~, the vibrational frequencies were
calculated as 457 (+20 cm~!; E; bending) and
477 em—! (+20 cm~!; A} breathing) and coin-
cide well with the above mentioned experimental
data. The uncertainty of 20 cm ~! corresponds to
the average deviation of about 5% (after scaling)
derived from the comparison with the other oxo-
carbons squarate, croconate and rhodizonate. The
accuracy is sufficient for our purposes, so that
results from post-HF calculations (C.I., MP2,
MP4) which could provide a further improvement
of the vibrational frequencies (with a deviation as
low as 2%) would not lead to other assignments.

A further simple check for the frequency of the
breathing mode is its dependence on the ring size.
In the case of aromatic oxocarbons the frequency
decreases by 60—80 cm ~! per additional CO unit
(see Table 2). Moreover, it has to be stressed that
the other possible photoproducts [croconate,
squarate, THQ(4 — )] do not show any Raman-ac-
tive transitions in the region of 500 cm ! (see
Table 2).
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Table 2

Structural, UV/vis and Raman data of aromatic oxocarbons C,02~. Data for the non-aromatic THQ(4~—)* and calculated data®

n re_c/pm In—n* (UV/vis) Agy/A} (Raman)
Amax/TM Vopax/cm ™! Symmetry A¥jem ™!
4 145.7 268 37300 'E, 723
5 145.7 364 27470 'E} 637
6 148.8 220 45450
482 20750 IE,, 553
7 149.9° 262 38170
562 17790 'E} 494
6 272 36765 1B,
380 26315 1B, 601

The red shift of about 80 nm relative to the
low-energy absorption of rhodizonate also indi-
cates the formation of C,02 if Platt’s perimeter
model is applied to this problem. This is known to
be a very good qualitative description for the
electronic transitions of both aromatic hydrocar-
bons and oxocarbons [25]. The correlation of the
S,—S; gap with 1/u? (u is the perimeter length,
u=nre_c) is linear for the experimental values of
squarate, croconate and rhodizonate (see Table
2), as shown by the correlation coefficient of
r=10.9998. The extrapolation for the ring-en-
larged species C,O2~ leads to an electronic gap of
about 16 500 cm ~! (&~ 600 nm).

A semi-empirical geometry optimization (HF/
PM3 and HF/AMI1) of the S, state for all aro-
matic oxocarbons C,02~ (n=4-8) [17,26] using
the MOPAC 7.0 program [27] confirmed this gap
size. All structural optimizations of the investi-
gated oxocarbons for the S, and the S, state were
carried out at a tight SCF limit (1 x 10~¢ kcal
mol ~') and a small geometry termination crite-
rion (GNORM = 0.005). The energy gap was then
calculated for the seven-membered ring com-
pound as being 17000 cm~—! (588 nm) with a
correlation coefficient of r = 0.9995. Both correla-
tions agree well with the experimental values of
562 nm for the maximum absorption and of =
620 nm for the range of the 0-0 transition, the
spectral position of which can only be estimated.
The PM3 method yields better coincidence of the
observed with the calculated electronic gap than
the formerly presented CNDO/S treatment [26]

(at least for the gap between the ground state and
the bathochromic 'E,, state). This is valid even
though the S, geometry using the default options
of the keyword “‘excited” is based only on a C.I.
calculation with few m-electrons in four orbitals.
Thus, we estimate the error width for the elec-
tronic gap to be smaller than + 1000 cm ~"' (430
nm at 588 nm).

An analogous treatment for the hypsochromic
transition at 262 nm cannot be carried out be-
cause the corresponding absorptions of squarate
and croconate are located in the vacuum-UV
region and are therefore not readily observable.
This electronic transition might be principally at-
tributed to the 'E, band of squarate. However,
three arguments exclude this assumption. First,
both absorptions (262 and 562 nm) must originate
from one compound, since they decrease simuita-
neously (see above). Moreover, squarate is known
to be a persistent compound in solution, and
investigations reveal neither photochemical nor
thermal decomposition (see [28,10]). In the latter
reference, it is stated that squarate is obtained on
the irradiation of croconate only in oxygen-con-
taining solutions. This consecutive reaction step
cannot occur under our chosen conditions.

The observed UV/vis and Raman signals iden-
tify the unknown photoproduct as the seven-
membered ring compound C,02%~. This immedia-
tely raises the question as to the mechanism of the
CO insertion. The established ring-enlargement
mechanisms, e.g., those presented in [29], do not
offer a reasonable explanation, as most reactions
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include steps with incorporation of a side-chain.
A similar thermal reaction is the insertion of
carbene into benzene, which is assumed to be a
cis-1,1-¢electrocyclic addition with a bicyclic inter-
mediate [30]. Replacing carbene by CO and ben-
zene by excited rhodizonate, an analogous course
seems to be possible. The photoreaction was
therefore also carried out with solutions thor-
oughly purged with carbon monoxide, but no
increase in the yield of C,02~ could be detected.
Another conceivable mechanism requires the for-
mation of an excimer intermediate [Rh¥] with
sandwich-type structure. The interaction leads to
a ring-member exchange, which finally generates a
ring-contracted species CsO02~ and a ring-en-
larged compound C,02~ via either a photochemi-
cal or a thermal pathway. This is in accordance
with the higher yield of croconate if the other
pathway (II, Fig. 12) continues to proceed simul-
taneously. The latter proposed mechanism is de-
picted in Fig. 11.

The quantum yield with respect to this mecha-
nism depends on the concentration and the laser
power. The formation of excimers is favoured at
high concentration and high photon densities ow-
ing to multi-photon absorption processes. As suit-
able trapping reactions for this non-persistent
photoproduct are still lacking, it is planned to
support our results by further spectroscopic data.
For example, a singlet *C NMR signal in the
region of § =160 ppm can be expected from a
comparison with the data in [18].

All the investigated reaction pathways are sum-
marized in Fig. 12. Path I describes the photooxi-
dation with a quantum yield @,. It is surprising
that a corresponding reaction for croconate is not
known, but the ring-contracted compound
squarate is generated in the presence of oxygen.

Fig. 11. Suggested mechanism for the formation of C,0%~.
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Fig. 12. Survey of all investigated reactions.

Just the opposite is true for irradiations of rhodi-
zonate, in which the ring-contracted species cro-
conate is obtained only under deoxygenated
conditions (paths II and III). Path II describes the
formation of croconate with uniform sample irra-
diation, and the photoreaction on irradiation with
the focused laser beam is depicted in path III, as
supplied by the decisive spectral data of C,0%~.
As discussed in Section 4.2, two different interme-
diates must be taken into account because of the
different wavelength dependence of @, and @,. In
path IV, the thermal consecutive reaction is pre-
sented. In general, the thermal reaction,
quantified at 3 = 25°C with the rate constant &, is
too fast to allow simultaneous observation of the
concurrent photochemical decompositions, even
in the case of aerated solutions.

5. Conclusions

— Rhodizonate in de-aerated solutions can be
photochemically converted to croconate, even
though the quantum yields are very small (¢ <
10~ %) compared with those of the reactions in
aerated solution (& = 0.045). Hence the maxi-
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mum yield for croconate of about 40—60% can
be achieved only by laser irradiation. Cro-
conate can also be prepared by the photooxida-
tion of THQ(4 —) at pH 14. This was proved
to be a uniform reaction.

— A new oxocarbon compound was detected
when the local photon density was drastically
increased by focusing the Ar* laser beam. The
photoproduct was identified as the ring-en-
larged aromatic species C,02~ by very charac-
teristic UV/visible and Raman transitions. The
spectral data coincide well with experimental
and theoretical data within the homologous
series C,0%2 .

— The investigation of the thermal conversion of
rhodizonate to croconate at pH 11 and 9=
40°C revealed that the earlier suggested mecha-
nism following the a-oxo-alcohol
rearrangement must be revised. On the one
hand, the UV/vis reaction spectrum shows that
THQ(4 —) is the only observed intermediate
and the intermediates suggested in [1,10] and
[12] did not occur. On the other hand, an
influence of oxygen that was postulated as
being necessary for the conversion could not be
found.
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