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Abstract

The primary products of one-electron oxidation and reduction of the azo dyd\-diethylaminoazobenzene, have been spectro-
scopically characterized in cryogenic matrices. The radical anion of the dye is characterized by the absorption band at 645nm in
2-methyltetrahydrofuran matrix and at 595 nm in alcoholic matrices. The radical cation exhibits weak absorption bands at 601, 659,
721 and 791 nm in 2-chlorobutane matrix. The reactivity of the radical ions has been investigated by means of pulse radiolysis in solution
at room temperature and in cryogenic glasses. The transient products formed upon one-electron reduction and oxidation of the dye are
characterized by the electronic absorption spectra and color changes of the solution.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction necessary to understand the underlying reaction mechanism
[1-8].

Aromatic azo compounds represent the dominant class The final products of the photoreduction processes have
of synthetic colorants employed in textile, printing, agro- been identified to be the hydrazo derivatives. It was found
chemical and pharmaceutical industries. Due to the pres-that reduction process (initiated by photolysis, radiolysis or
ence of stable chromophoric azo group &N-), link- electrolysis) results in the effective degradation of the azo
ing different aromatic moieties carrying electron-donating dyes in agueous and alcoholic solutions via the radical mech-
and/or electron-withdrawing groups, the dyes can be de-anism[5-7]. The rates of reactions of azobenzene and its
signed to resist chemical or photochemical degradation simple amino substituted analogues with electrons or other
processes. strongly reducing agents are diffusion controlled. The azo

A detailed knowledge on the photostability of the dyes is radical anions are the primary products of those reactions
required for the further improvement of synthetic colorants [5—7]. The reduction process is followed by a fast proto-
and their resistance to the fading processes. But it is alsonation of radical anion since the pialues of the proto-
necessary for the development of reliable procedures ofnated radical anion (hydrazyl radical) are high (13.7 and 17
their final degradation and environmental protection. In the for azobenzene in agueous or 2-propanol solutions, respec-
process of utilization of hazardous dye wastes several meth-tively) [5]. Since the azo compounds show a tendency to
ods have been used, including photooxidation and photore-form adducts with radical species, like the hydrazyl radical,
duction processes. The complete understanding of the dyethis may initiate the further degradation of the dye. Simi-
decomposition, under exposure to different utilization meth- lar effect can be expected in the reaction of the azo dyes
ods, cannot be based only on a product distribution. It is also with radicals generated from the solvent molecules since,
for example, adducts resulting from the attachment of the
isopropyl ketyl radicals to the dye can be directly converted

. . ; ; to the hydrazyl radicals. The mechanism of this process may
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In solution the absorption bands of all different species 2.2. Pulse radiolysis
of radical origin generated on the reduction of the azo dyes
strongly overlap. Moreover, the broad structureless absorp- Pulse radiolysis experiments were carried out with high
tion bands observed in a solution carry a limited information energy (6 MeV) 17 ns electron pulses generated from ELU-6
of the electronic structure of the species under investigation. linear electron accelerator. The dose absorbed per pulse was
Therefore, the distinction between possible reaction mech-determined with MO saturated aqueous solution of KSCN
anisms can only be based on kinetic arguments supported0.01 M), assumings((SCN)*~) = 6.0 ande((SCN)*~)
by the knowledge of the acid-base equilibria and product = 7600 M~1 cm~1 (G represents yield of radicals per 100 eV
distribution. On the other hand, an excellent method of sta- of energy absorbed ards a molar extinction coefficient at
bilization and characterization of the radical ions is their 475nm). The dose delivered per pulse was within the range
generation by an ionizing radiation in low temperature ma- 5-80 Gy. The concentration of solute was kept in the range
trices [9,10]. The inhibitory effect of the low temperature  of (0.5-10)x 10-3 M. Details of the pulse radiolysis system
matrices on recombination and fragmentation processes, al-are given elsewher 1].
lows direct observation of the radical species. In this paper The radiolysis of frozen alcohols and 2-methyltetrahydro-
we present experimental results, on the reduction and oxi-furan leads to the formation of solvated electrong Jeand
dation of the azo dyes, obtained in frozen organic matrices. the radical cations of solvent molecules (reaction 1).
This method allows a spectral characterization and identi- . _
fication of radical and r;dical ion transient products of the SH, — SH,*" +es (1)
redox reactions. The solvated electrons react with the solute molecules (A)

While the parent azobenzene, due to its low molar extinc- to give corresponding radical anions (reaction 2), while the
tion coefficient, is not used as a dye, its derivatives carrying jonized solvent molecules easily deprotonate onto neighbor-
different electron donating groups, for example, thi, K- ing neutral molecules (reaction 3).
diethylaminoazobenzene, show substantial hyperchromic ef- _ .
fect and are widely used as azo dyes. In this paper, we s tA—>A (2)
Qescribe our el_‘forts vv_hich were aimed at d_irect characteriza- SH,*+ + SH, — *SH,_1 + SH,411+ (3)
tion of the radical anion of MN,N-diethylaminoazobenzene
(1), and its protonated form—the hydrazyl radical. The tran- ~ On annealing of the matrix the products of this latter
sient species identified in this work are characterized only by Process can act as a proton source and hydrogen atom donors
their lowest energy absorption bands, which do not overlap Via addition—elimination reaction. Because of the rigidity
with the absorption bands of the dye itself. These long wave- of matrix at 77K the bimolecular reactions are, however,
length bands usually lie in the visible region of the spectrum Significantly suppressed, but can be observed on softening
and are responsible for the colors of the spef9ek0]. It is of the matrix upon its annealing.
very characteristic for organic radical ions that their special ~ Similar processes can be observed in liquid solvents.
electronic structure is sometimes manifested by their vivid In alcohol solutions ketyl radicalsiSH,—1, which are
colors, which often stood at the origin of the fascination with strongly reducing species (for 2-propanét;((CHs)2CO,
these species. Since in the dye chemistry, and generally inH*/(CHz)2°COH) = —1.39V in aqueous solution}12]
the photochemistry, the color is one of the most important can also react with many compounds via one-electron
characteristics of the compound, it is interesting to study the transfer. In fact, in alcohol solutions saturated withQ\
radical species under conditions which allow visual inspec- Which acts as a scavenger of solvated electrons (re-
tion of the samples. It also allows characterization of the action 4), the ketyl radicals remain the only reducing
observed processes by color changes which are very oftenSPecIes.

In addition to the electronic spectra of radical ions this Pa- o~ 4 N,O+ SH, — Ny + OH™ +*SH, 1 (4)
per presents the changes of the color of the samples induced
by one-electron oxidation or reduction of the dye. The reduction method via reaction with ketyl radicals was

used in the determination ofp of hydrazyl radicals, as-
suming that the yield of generated alcohol radicals does not

2. Experimental change within the acidity/basicity range used.
In the case of radiolysis of MD saturated 2-propanol
2.1. Materials solutions carried out in the presence of 0.2 M 2-PNa™,

isopropyl ketyl radicals undergo deprotonationK{p~
The procedure of N,N-diethylaminoazobenzene prepa- 16 in 2-PrOH) [5] with the formation of a stronger
ration has been described elsewh§2g 2-Propanol (2- one-electron reducing species—the acetone radical anion
PrOH), 2-chlorobutanes¢c-BuCl) and 2-methyltetrahydro-  (reaction 5).
furan (MTHF) were purchased from Aldrich (Steinheim, B
Germany), ethanol (EtOH) was from POCh (Gliwice, (CH3)2C*OH + (CH3)2CHO
Poland). — (CH3)2CO*~ + (CH3)2,CHOH (5)
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For the generation of radical cations solutions of the dye
in alkyl halides (2-chlorobutane was used in this work) are

preferred as these solvents dissociatively capture electrons
ejected from the solvent molecules, while the positive charge

is transferred to solute molecules of lower ionization poten-
tial [9].

2.3. Cryogenic measurements

The glassy samples of the MTHF, alcohol solutions and

2-chlorobutane were prepared by immersing the room tem-

perature solutions in liquid nitrogen. The samples were

0.5-3 mm thick and were placed in a temperature controlled,

liquid nitrogen-cooled cryostat (Oxford Instruments). The

desired temperature (77-150K) was achieved by automat-

ically controlled heating. The optical absorption spectra

were measured on Cary 5 (Varian) spectrophotometer. The

samples mounted in a cryostat were irradiated withs4
electron pulses from ELU-6 linear accelerator. The tran-

sient absorption spectra are presented as difference spectra

(the spectrum before irradiation is subtracted) for the di-
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rect comparison with the spectra from the pulse radiolysis Fig. 1. Transient absorption spectra observed upon radiolysis of: (A)

experiments.
2.4. Quantum chemical calculations

The geometries of all species were optimized by the
B3LYP density functional methoflL3] as implemented in
the Gaussian 98 suite of prografdgl]. The above calcula-
tions were done at the B3LYP/6-3{d) level in the case of
the species of neutral charge and at B3LYP/6+31d) in

the case of radical anions. Relative energies were calculate

at the B3LYP/6—31G(d) level for optimized structures of
the two tautomeric forms of the hydrazyl radical.

3. Results and discussion

1 (0.005M) in MTHF at 77K; dose 2.5kGy; thickness of the sample,
25mm. (B)1 (0.005M) in MTHF at room temperature; dose 55Gy;
solution was deoxygenated by bubbling with;Xhickness of the sample,

1 cm. Spectra recordedl) 0.8.s and @) 5.0us after a 17 ns electron
pulse.

reveals, however, that this does not change significantly the
redox properties of the dyes presente@dsheme 1There-
fore, in this paper we discuss in details only the reactivity
f 1. The differences among the group are mainly limited to
he small shifts of the absorption bands of identified species.

Since it is important to compare the spectra of radical
anions generated in aprotic and protic solvents to determine
an effect of stabilization of the radical anion by hydrogen
bonding we have used 2-methyltetrahydrofuran, 2-propanol
and ethanol as the frozen solvents.

Electronic absorption spectrum of the radical anion gen-

A group of investigated amino substituted azobenzene g ated from the AN,N-diethylaminoazobenzene in MTHF
dyes is presented iicheme 14-N,N-diethylaminoazoben-  atrix at 77K is presented iRig. 1A. This spectrum con-
zene () represents a typical disperse azobenzene dye widelyg;sis of a strong absorption band at 645 nm and two smaller
employed in textile industry. Very often simple modification peaks at shorter wavelengths, at 580 and 610 nm. The pro-
of the alkylamino substituent, by an introduction of -CN or ass of the reduction of the dye in MTHF is accompanied
—OH groups, leads to a substantial hyperchromic effect and by the change of the color of the sample from yellow to
to a change of the dye properties, such as, for example, theirgreen. All three absorption bands observed after radioly-
photostability or sublimation fastnef]. Our investigation sis of the matrix can be assigned to tife radical anion

since they grow in parallel manner on the photobleaching
CH,CH,R of the residual absorption of solvated electrons (absorp-

//N4®7N\CH CHR tion band at 1200 nm]15]. These bands also decay in

@N 272 the same manner on limited warming of the matrix. Soft-

ening of the irradiated frozen solutions, upon controlled
1-RR=H increase of the matrix temperature above its glassy transi-
512‘5&02- - tion temperature, removes an inhibitory effect of the matrix
’ on bimolecular reactions, among them on recombination

Scheme 1. processes.
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Decay of the absorption bandsBf~ on annealing of the A)
matrix is not accompanied by any significant shift of their [
maxima. However, as the temperature goes significantly 151
over the glassy transition temperature (88K for MTHF)
[15] and matrix becomes more fluent, the decrease of the

absorption ofl*~ is accompanied by the loss of its vibronic 1,0

structure. Finally, an absorption spectrum of ttte rad- B —
. o . . L 550 600 650 700
ical anion in MTHF at room temperature is characterized *

by a structureless band, which extends from 540-680 nm, 05}

such as under matrix conditions, but with a maximum at
590 nm (sed-ig. 1B). An absence of any shift of the radi-
cal anion bands upon softening of the matrix indicates that
radical anion geometry is not significantly different from
the geometry of its neutral precursor. It is often observed
that the changes in the spectra of radical ions observed on
softening of the matrix accompany the relaxation of these
species (initially “frozen” in the geometry of their neutral
precursors) to the thermodynamically more stable geom-
etry [9,10,16] Indeed, according to DFT calculations the
capture of an additional electron slightly elongates the cen-
tral azo bond (by about 0.06 A) but the molecule remains
planar[17].

Although MTHF is an aprotic solvent, positive ions,
CsH110™, generated on irradiation of this matrix in some
cases can act as proton donors. The best known example is
a formation of ketyl radicals generated from benzophenone
and acetophenor{®,18]. The protonation of radical anions
of these compounds is observed on limited warming of the
MTHF matrix. This process is, however, absent for radical
anions of the azo dyes despite the fact that the formation
of the hydrazyl radical in protic solvents at ambient tem-
perature is extremely fast. Therefore, the absorption band
at 590 nm observed in liguid MTHF can be assigned to
the radical anion. However, the initial spectrum observed

Absorbance

) ) ) . 0,0 L L '} i 1 " 1 i [l rs

in MTHF upon radiolysis is also composed of an absorp- 500 550 600 650 700 750
tion of a second product, partially overlapping with the A [nm]

absorption of radical anion, but with maximum blue shifted

compared with thel®*~ band. While1 reacts with sol- Fig. 2. Electronic absorption spectra obtained on reductioh (@.02 M)

. . . embedded in 2-propanol matrix. Arrows indicate changes in the spectra
vated electrons with the diffusion controlled rate constant upon limited warming of the matrix: (A) spectra were collected after

(k = 3 x 10°M~1s71) and the radical anion formed has a radiolysis at 77K and upon annealing of the matrix at 95K for 15min.
lifetime of 60ws under these conditions, this second prod- Inset presents difference spectrum; (B) annealing at 105K for 10 min, at
uct decays already on much faster time scale (its lifetime 115K for 20min, and at 120K for 10 min; (C) annealing at 120K for
has been estimated as Qﬁ) 10, 30 and 50 min. The sample was 2mm thick and received a radiation
L . . dose of 2.8kGy.
Based on the similarity of the absorption of this product to
the previously identified adducts of alcohol radidélg], we
assigned it to the adduct @fwith *CsHgO radicals formed of 1°~ in 2-propanol at 77K is shown ifrig. 2A. The
upon radiolysis of MTHF. Analogically to the adducts of the strongest band in this spectrum possesses a maximum at
azo compounds withCH,OH radicals no further products 595 nm, with a shoulder at shorter wavelengths (565 nm),
in the spectra could be detected on the adducts d&gay but on the lower energy side it is extended up to 700 nm.
When alcohols are used as matrices (2-propanol, ethanol)Note that a small residual absorption at 645 nm (seen in the
the color of the sample changes upon radiolysis into greeninitial spectrum), which decays already upon very modest
similarly to the MTHF matrix. The absorption spectrum increase of matrix temperature or on photobleaching, can
of 1°~ is, however, significantly blue shifted (50 nm com- be assigned to the residual absorption of the solvated elec-
pared to the strongest band ¥f~ in MTHF at cryogenic trons[19]. The decay of the solvated electron absorption is
conditions) indicating a strong hydrogen bonding between accompanied by the growth of the strongest band, but it also
the radical anion ol and alcohol molecules. The spectrum leads to the increase of the lower energy shoulder (see inset
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osl A) The process of reduction dfproceeds via different path-
’ M ways in neutral and basic 2-propanol solutions. In neutral
r \_ solution the reaction with alcohol radicals proceeds via a
/ \ formation of the adduct (absorption maximum at 550 nm,
02} /' i seeFig. 3B). Then, the formation o#* can take place with
[ \ the mechanism of intramolecular hydrogen atom transfer,
./ "\ as previously suggested by Flemingi and Md#li or as a
/ \. stepwise electron—proton transfer. The rate constant of the
f \_ reaction of the dye with ketyl alcohol radicals (RC*OH
\ (reaction 6) has been estimatedias: 2 x 10°M~1s71,
.\-\_\ while the adduct formed in this reaction has a lifetime of
N . | 6 us. On the other hand, the formation of the radical anion
o\ (B) under strong basic conditions proceeds via electron transfer
oo, from acetone radical anion to the dye (reaction 7) with the
| \./ \ rate constant = 1 x 10° M~1s 1,

‘,ﬁx\ 1+ (CHs)2C*OH — adduct— 4" + (CHs),CO 6)
\.

o
o
1

Absorbance

o
-
o
T
—
)

005} o° '\\. 1+ (CH3)2CO*™ — 1~ + (CH3).CO (7)

\o\. The [Ka value of 17.5 of the hydrazyl radical compared to
N\, the pKron = 20 of 2-propano[5] indicates that under ma-
trix conditions the absorption with maximum at 590 nm can
be assigned td@*—, although with a strong hydrogen bond-
ing to the surrounding solvent molecules. In contrast, as can
A [nm] be calculated from abovekp values the acid-base equilib-
Fig. 3. Transient absorption spectra obtained by pulse radiolysis of I'UM N liquid 2-propanol will be shifted _tqwardg' ,More__ ,
N,O-saturated solution of (0.005M) in 2-propanol: (A) basic solution, ~ OVer, alCOhOI §0lvents become more aCIdI(? upon irradiation,
[iso-PrO-Nat] = 0.1 M, spectrum recordedds after the pulse; (B) neu-  Since the ionized alcohol molecules readily deprotonate (a
tral solution, spectra recordellj 2 s and @) 9us after the pulse. The  proton is stabilized by neutral neighboring molecules, for
samples were 1cm thick and received a radiation dose of 50 Gy. example as (Cl;-)ZCHOH2+ in 2-propanol).
Since in a rigid environment of the matrix bimolecular

o00f ., o, o, ety
500 550 600 650 700 750 800

to Fig. 2A). This additionally confirms an assignment of the X e )
observed absorption bandsit-. Observation of the much reactions are almost completely inhibited, softening of the

wider band ofL*~ in liquid 2-propanol (spectrum presented matrix is required to “selectively” uncage intermolecular
in Fig. 3A), but with the maximum at 590 nm) seems to be Processes. Usually the fastest processes observed upon
the additional support of the above presented assignment. matrix relaxation are protonation/deprotonation reactions.

On the other hand, one might expect the addition of proton Thereforg, it is not surprising that on _a modest ir_1crease of
to the radical anion in the protic matrix to yield neutral the matrix temperature the radical anion absorption decays

radical. All the more, in solution the protonated radical anion N favor of a new absorption band at 625 nm. The isosbestic

and radical anion itself absorb in the same spectral regionPOINts cléarly seen in the spectra presente@i 2B in-

as radical anion (compare spectreFig. 3A and B and the dicates direct conversion d*~ to a product. As the_ yield
distinction between the absorptions of both species in liquid ©f the product does not depend on the concentration of the
phase is only possible based on their different extinction Y& a@nd there is a direct conversion Bf" to tr:e 625nm
coefficients. The pH dependence of the absorption at 590 nmProduct we identify, It as the hydrazyl radica*) formed
allowed to determine the value of 17.5 for the neutral ~ ON the protonation o1*~. Absorption of the hydrazyl rad-
radical of the investigated dye. The determinet, palue ical is red shifted compa_red with the strongest absorption
is close to the value found for azobenzene hydrazyl radical Pand 0f1*~, what results in the color change of the sample

[5,20] suggesting that protonation takes place on the azo to dark green. According to DFT cglculations attachment
group yielding hydrazyl radicake). of a proton leads to a small elongation of the central bond

(by about 0.01 A) accompanied by a loss of planarity.
O H\
*N N N N
/ \ / ( > \
N\ N*
H

4"
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The blue shift of the strongest band of radical anion in
protic versus aprotic solvents and moreover the blue shift of
this band compared to the absorption band of hydrazyl rad-
ical may suggest that strong stabilization of the radical an-
ion in alcohols is achieved through more than one hydrogen
bond. According to calculations an alkylamino substitution
alters to small extent the azo bond and thus the distribution
of an additional electron between two nitrogen atoms of the
azo bond is not completely symmetrical in radical anion.
Uneven distribution of the negative charge may result in un-
even strength of the hydrogen bonds and is also reflected
by a difference in the heat of formation of two tautomeric . ) -
forms of hydrazyl radical. The hydrazyl radical with proto- 500 600 700 800 900
nated nitrogen atom attached to unsubstituted phenyl ring % [nm]

(4°*) is a more stable form (by 1.1 kcal md).

The final spectral changes are observed on prolongated:ig- 4. Absorption spectr_um of irradiateld(saturated squtiongO_.OZ M)
annealing of the alcoholic matrices at elevated temperatu_res.:; afn?ilsssgfe;z“sgmn;?em; aéOY }Z };r(]z)'cigﬁrfgubrzc(: )tgvﬁ Et.’ti'r?eeds:rﬁ%
The color of the sample changes to orange and the final\yas 2 mm thick and received a radiation dose of 1.4 kGy.
product absorbs at 555 nm (see spectriig 2C). For the
higher concentration of the azo dye embedded in the matrix
the stronger absorption of this product is observed. It indi- deprotonates to give corresponding aminoalkyl raciél
cates a reaction of the hydrazyl radical with the parent azo Under matrix conditions the radical cation deprotonation can
dye. Since the absorption of this product corresponds to theOnly start upon matrix softening. Indeed, in the present case
absorption of adducts of solvent radicals with the azo dyes the color of the sample changes to dark brown on anneal-
we assigned it to the association product of hydrazyl rad- ing of the matrix. The spectrum of the alkylamino radical
ical to the dye assuming similar bonding as in the solvent (5°) whichis a product of deprotonation is composed of two
radical adducts. strong bands at 555 and 610 nm. Both bands growth in a

However, one can imagine that the presence of alky- Parallel manner on the decay bf*.
lamino substituents changes the reactivity of the radicals

with neutral dyes. Instead of adduct formation, the hydrazy! NO /

. X N

radical could react with the dye through a hydrogen atom @N& \
5

Absorbance

+ _-H+

abstraction from the aminoalkyl group with the forma- "
tion of hydrazobenzene and the aminoalkyl radical. Such
aminoalkyl radicals are postulated as the major transient
products formed upon a photodecompositiod @i oxida- The spectrum of the aminoalkyl radical does not match
tion [4]. To check whether the observed absorption band atany of the spectra previously analyzed. Therefore, we can
555 nm can be assigned to aminoalkyl radical the reactivity exclude the aminoalkyl radicals as transients in reactions
of the radical cation of. has been investigated. which follow the process of the reductionfPhotodecom-

The formation of the radical cation dfcan be achieved  position of the azo dyes with alkylamino substituents pro-
in 2-chlorobutane matrix. It possesses weak absorption bandceeds through different routes on reduction and oxidation.
around 700 nm, with a distinct vibronic structure (bands at On reduction the key part of molecule is azo bond while on
601, 659, 721 and 791 nm, sE&. 4), which is responsible  oxidation it is an alkylamino group that determines the fate
for a weak orange color of the sample. We assign this bandof the dye.
to the radical cation of the dyd{*). Because the observed
absorption band is different from the absorption band of
azobenzene radical catidf,21] it can be concluded that 4. Conclusions
electron is removed from the n-orbital of the amino nitrogen
atom. The transient radical anion generated upon reduction of

Radical cations are more acidic than their neutral precur- the 4N,N-diethylaminoazobenzene has been stabilized and
sors and some of them are even superafi@} therefore spectroscopically characterized under cryogenic matrix con-
they readily undergo deprotonation. There are numerous ex-ditions. Both the protic and aprotic solvents were used to
amples of the proton transfer from the alkyl substituents of show strong stabilization df*~ by a hydrogen bonding to
radical cations of dialkylanilines to the suitable proton ac- solvent alcohol molecules. The reactivity of the reduced dye
ceptors including parent molecule of dialkylaniling]. was further monitored on thermal annealing of the matrix.
Moreover, it has been postulated that during photodecom- The radical anion undergoes fast protonation to form a hy-
position of dialkylamino azo dyes the radical cation formed drazyl radical. In addition, the pulse radiolysis experiments
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revealed scavenging properties of the dyes towards radical

species. Azo dyes form adducts with solvent or hydrazyl
radicals. The results obtained in matrix experiments remain
complementary to the results observed in solution at ambi-
ent temperatures.

The products of an one-electron oxidationlofiere also
identified. The removal of an electron produces e
radical cation, which further deprotonates to give #te
aminoalkyl radical.

An investigation of the reduction and oxidation processes
under the matrix conditions allows visual inspection of the

379

K.K. Sharma, P. O'Neill, J. Oakes, S.N. Batchelor, B.S.M. Rao, J.
Phys. Chem. A 107 (2003) 7619-7628.

[4] A. Bozzi, T. Caronna, F. Fontana, B. Marcandalli, E. Selli, J.
Photochem. Photobiol. A: Chem. 152 (2002) 193-197;
T. Caronna, F. Fontana, B. Marcandalli, E. Selli, Dyes Pigm. 49
(2001) 127-133,;
P. Bortolus, S. Monti, A. Albini, E. Fasani, S. Pietra, J. Org. Chem.
54 (1989) 534-540.

[5] P. Neta, H. Levanon, J. Phys. Chem. 81 (1977) 2288-2292.

[6] L. Flamingi, S. Monti, J. Phys. Chem. 89 (1985) 3702-3707.

[7] S. Monti, L. Flamingi, J. Phys. Chem. 90 (1986) 1179-1184.

[8] G. Klopman, N. Doddapaneni, J. Phys. Chem. 78 (1974) 1825-
1828.

color changes accompanying addition or removal of an elec- [9] T. Shida, Electronic Absorption Spectra of Radical lons, Elsevier,

tron to/from the dye. The yellow color of the dye solution
changes to green upon one-electron reduction of the dye bot
in MTHF and in alcoholic matrices. Following protonation
of 1°~ results in the color change to dark green. Finally, the
formation of the adducts of the azo dye with radical species

results in the color change to dark orange. Also one-electron
oxidation of the dye embedded in cryogenic glass leads to

Amsterdam, 1988.

HlO] T. Bally, in: A. Lund, M. Shiotani (Eds.), Radical lonic Systems,

Kluwer Academic, Dordrecht, 1991, pp. 3-54.;

J. Gebicki, A. Marcinek, in: Z.B. Alfassi (Ed.), General Aspects of

the Chemistry of Radicals, Wiley, Chichester, 1999, pp. 175-208.
[11] S. Karolczak, K. Hodyr, R. tubis, J. Kroh, J. Radioanal. Nucl. Chem.

101 (1986) 177-188;

S. Karolczak, K. Hodyr, M. Potowifiski, Radiat. Phys. Chem. 39

(1992) 1-5.

the change of the color of the sample. The orange glassy[12] p. Neta, R.E. Huie, A.B. Ross, J. Phys. Chem. Ref. Data 17 (1988)

samples indicate the presence of the radical cation but the
color changes to dark brown as a result of the radical cation

deprotonation.

Acknowledgements

This work was supported by grant (Project No. 4T09 B
115 22) from the Ministry of Science and Informatization.

References

[1] N.A. Evans, in: N.S. Allen, J.F. McKellar (Eds.), Photochemistry of
Dyed and Pigmented Polymers, Elsevier, London, 1980, pp. 93-159;
J. Griffiths, in: N.S. Allen (Ed.), Developments in Polymer
Photochemistry, vol. 1., Applied Science Publishers, London, 1980,
pp. 145-189;
I.H. Leaver, in: N.S. Allen, J.F. McKellar (Eds.), Photochemistry of
Dyed and Pigmented Polymers, Elsevier, London, 1980, pp. 161-245.

[2] R. Podsiadly, J. Sokotowska, A. Marcinek, J. Zielonka, E.
Chrzécijahska, A. Socha, Color. Technol. 119 (2003) 269-274.

[3] G.M. Zimina, G.P. Tkhorzhnitskii, D.V. Krasnyi, A.V. Vannikov,
High Energy Chem. 36 (2002) 7-9;
A. Albini, E. Fasani, S. Pietra, J. Chem. Soc. Perkin Trans. 2 (1983)
1021-1024;
K. Vinodgopal, P.V. Kamat, J. Photochem. Photobiol. A: Chem. 83
(1994) 141-146;
C. Galindo, P. Jacques, A. Kalt, J. Photochem. Photobiol. A: Chem.
130 (2000) 35-47;
H. Tada, M. Kubo, Y. Inubushi, S. Ito, Chem. Commun. (2000)
977-978.;
K. Krapfenbauer, H. Wolfger, N. Getoff, I. Hamblett, S. Navaratham,
Rad. Phys. Chem. 58 (2000) 21-27;
K.K. Sharma, B.S.M. Rao, H. Mohan, J.P. Mittal, J. Oakes, P. O'Ngeill,
J. Phys. Chem. A 106 (2002) 2915-2923;

1027-1284;
P. Wardman, J. Phys. Chem. Ref. Data 18 (1989) 1637-1755.

[13] A.D. Becke, J. Chem. Phys. 98 (1993) 5648-5652;

C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37 (1988) 785-789;

B.G. Johnson, P.M.W. Gill, J.A. Pople, J. Chem. Phys. 98 (1993)

5612-5626.

M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb,

J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery, R.E. Stratmann,

J.C. Burant, S. Dapprich, J.M. Millam, A.D. Daniels, K.N. Kudin,

M.C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi,

B. Mennucci, C. Pommelli, C. Adamo, S. Clifford, J. Ochterski,

G.A. Petersson, P.Y. Ayala, Q. Cui, K. Morokuma, D.K. Malick,

A.D. Rabuck, K. Raghavachari, J.B. Foresman, J. Cioslowski, J.V.

Ortiz, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, 1. Komaromi,

R. Gomperts, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y.

Peng, A. Nanayakkara, M. Challacombe, P.M.W. Gill, B.G. Johnson,

W. Chen, M.W. Wong, J.L. Andres, C. Gonzales, M. Head-Gordon,

E.S. Repogle, J.A. Pople, Gaussian 98, Rev. Al, Gaussian, Inc.,

Pittsburgh, PA, 1998.

[15] J.E. Willard, in: Farhataziz, Michael A.J. Rogers (Eds.), Radiation
Chemistry: Principles and Applications, VCH, New York, 1987,
pp. 395-434.;

N. Kato, T. Miyazaki, K. Fueki, S. Miyata, Y. Kawai, J. Phys. Chem.
88 (1984) 1445-1449.

[16] A. Marcinek, J. Zielonka, J. Adamus, Jefiicki, M.S. Platz, J. Phys.
Chem. A 105 (2001) 875-879.

[17] F. Gerson, A. Lamprecht, M. Scholz, H. Troxler, D. Lenoir, Helv.
Chim. Acta 79 (1996) 307-318.

[18] E. Hayon, T. Ibata, N.N. Lichtin, M. Simic, J. Phys. Chem. 76 (1972)
2072-2078.

[19] L. Kevan, in: M. Burton, J.L. Magee (Eds.), Advances in Radiation
Chemistry, vol.4, Wiley—Interscience, New York, 1974, pp. 181—
201.

[20] S. Cheng, M.D. Hawley, J. Org. Chem. 50 (1985) 3388-3392.

[21] K. Daasbjerg, K. Sehested, J. Phys. Chem. 106 (2002) 11098-11106.

[22] C. Devadoss, R.W. Fessenden, J. Phys. Chem. 95 (1991) 7253-7260;
M. Goez, |. Sartorius, J. Am. Chem. Soc. 115 (1993) 11123-11133;
V.D. Parker, M. Tilset, J. Am. Chem. Soc. 113 (1991) 8778-8781.

[14]



	Color changes accompanying one-electron reduction and oxidation of the azo dyes
	Introduction
	Experimental
	Materials
	Pulse radiolysis
	Cryogenic measurements
	Quantum chemical calculations

	Results and discussion
	Conclusions
	Acknowledgements
	References


