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Abstract

The production of reactive radical species upon irradiation (4 > 300 nm) of six triarylmethane dyes, i.e. C.I. Basic
Red 9 (42500; Basic Fuchsin), C.I. Basic Violet 3 (42555; Crystal Violet), C.I. Basic Green 4 (42000; Malachite Green
Oxalate), C.I. Acid Green 16 (44025; Acid Green V), C.I. Basic Blue 11 (44040; Victoria Blue R), C.I. Acid Blue 93
(42780; Aniline Blue), as well as a phenothiazine dye C.1. Basic Blue 9 (52015; Methylene Blue) and a xanthene dye C.I.
Acid Red 87 (45380; Eosin Y) in different solvents (water, ethanol, dimethylsulphoxide), and subsequently on paper
substrate was investigated by means of EPR spectroscopy. The EPR experiments using spin trapping agents (5,5-
dimethyl-1-pyrroline-N-oxide, DMPO and 2,3,5,6-tetramethyl nitrosobenzene, ND) showed evidence of the free radi-
cal formation in both deoxygenated and aerated systems during photoexcitation. The photooxidation processes in
presence of oxygen resulted in the electron transfer generating super-oxide anion radicals (Type I process), simulta-
neously with energy transfer producing singlet oxygen (Type II process) confirmed by 2,2,6,6-tetramethyl-4-piperidinol
(TMP).
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Triarylmethane dyes are extensively used in textile
industry for dying nylon, wool, silk and cotton, as
well as for colouring of plastics, varnishes, waxes
and oils [1,2]. Additionally, they are applied as
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staining agents in bacteriological and histopatho-
logical methods [3]. The photocytotoxicity of
triarylmethane dyes based on the reactive oxygen
species production is tested intensively with the
regard of their phototherapeutic potential (photo-
dynamic therapy) [4-12]. Additionally, the triaryl-
methane dyes represent significant and widely
utilized components of inks applied in archival
documents of 19th and 20th centuries (stamps,
signatures), but they are characterized by relatively
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low photostability [1,2,13]. The dye photofading
process is influenced by external parameters (oxygen,
moisture, additives, surface properties, etc.), and
the photofading rates could be quite different on
substrate surfaces (paper, polymer film) compar-
ing to photodegradation in solvents. The investi-
gations of triphenylmethane dyes photofading in
polymer films [poly (vinyl alcohol), methylcellu-
lose, gelatin] evidenced that the photochemical
process is influenced by the ability of the substrate,
or residual solvent within the substrate, to donate
electrons, or hydrogen atoms, to the dyes; by the
ability of dyes to form aggregates; and by the
chemical and physical structure of the substrates
[14-20].

However, investigations of photochemical pro-
cesses of dyes in homogeneous solutions may pro-
duce valuable information on the mechanism of
dye photodegradation. The excited states of dye,
singlet or triplet (!D*/3D*) may interact with sub-
strate or solvent by reductive or oxidative electron
transfer and/or hydrogen abstraction process [Egs.
(1) and (2)].

'D*/’D*+RH — D' /D't + RH''/RH"~ (1)

'D*3D*+RH — DH® +R* ®)

In the presence of oxygen, such electron transfer
from the photoexcited dye molecules may lead
to the effective formation of super-oxide anion
radical [4,21].

The second reaction route represents the energy
transfer between dye excited triplet state and oxy-
gen, producing singlet oxygen [Eq. (3)].

’D* +0, > D+ 102 3)

Our studies are focused on the EPR study of
reactive oxygen species (hydroxyl radical, super-
oxide anion radical, singlet oxygen) produced
upon light exposure of aqueous, ethanolic or
dimethylsulphoxide solutions of six triarylmethane
dyes, as well as a phenothiazine dye C.I. Basic
Blue 9 (Methylene Blue) and a xanthene dye C.I.
Acid Red 87 (Eosin Y). Additionally, EPR spec-
troscopy was applied for the identification of O5~
and 'O, production via photoexcitation of dyes
surfaced on paper substrate.

2. Experimental methods
2.1. Chemicals

Table 1 summarizes the name and synonyms,
Colour Index (C.I.), structure, formula weight
(FW), wavelength of absorption maximum (Ay,.x)
of investigated dyes purchased from Triade
(Netherlands). The polycrystalline dyes were used
without further purification and were stored in
dark at 5 °C in refrigerator.

The spin traps 2,3,5,6-tetramethyl nitroso-
benzene (nitrosodurene, ND), 5,5-dimethyl-1-pyr-
roline-N-oxide (DMPO), and stable free radical 4-
hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEM-
POL) were obtained from Aldrich. DMPO was
freshly redistilled before use and stored under
argon in a freezer. The generation of singlet oxy-
gen was evidenced by EPR using 2,2,6,6-tetra-
methyl-4-piperidinol  (TMP) from  Aldrich.
Dimethylsulphoxide (DMSO) and ethanol, sup-
plied by Fluka, were used without further pur-
ification. Redistilled water was used in the
preparation of aqueous solutions. Deuterium
oxide was purchased from Aldrich.

2.2. Procedures

The EPR spectra were measured using a Bruker
200D spectrometer (operating at X-band, using
100-kHz field modulation), which was interfaced
with an Aspect 2000 computer for data acquisi-
tion, and a computer controlled Bruker EMX
instrument.

The prepared solutions were carefully deox-
ygenated by an argon stream, or purged by air or
oxygen, after which they were placed into the
quartz flat cell optimized for the Bruker TM
cylindrical EPR cavity. The samples were irra-
diated directly in the cavity of EPR spectrometer
by HPA 400/30S lamp (Philips), which represents
a medium-pressure metal halide source with iron
and cobalt additives emitting ozone-free radiation
mainly between 300 and 400 nm [22]. The lamp
irradiance in UV/A region of 30 mW c¢cm~2 inside
the EPR cavity was calculated by a Compact
radiometer UVPS (UV Process Supply, Inc. USA).
The radiation with wavelengths 4 > 300 nm was
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Table 1

Summarization of investigated dyes characteristics

Name, colour index (C.1.) Structure Fw Amax
(g mol—1) (nm)

C.I. Basic Red 9 e 323.83 544

(Basic Fuchsin, ““Pararosaniline chloride”)
C.I. 42500

C.I. Basic Green 4
(Malachite Green Oxalate)
C.1. 42000

C.I. Basic Violet 3
(Crystal Violet, Gentian Violet)
C.I. 42555

C.1. Acid Green 16
(Acid Green V, Naphthalene Green V)
C.1. 44025

C.I. Basic Blue 11
(Victoria Blue R)
C.1. 44040

a
AL
H,N NH,

TNCH,), 927.03 614

2HC,0;
H,C,0,

SAGN
N(CH,), _|,

*N(CH,), 407.99 588

cr

JSE

(CH,),N N(CH,),

(CHy),N, IJ\'I(CHJ)Z 560.62 639
: N /J: :
Ch
NaSO, so;
ﬁ(CH ) 458.05 615
372
Ccr

C
CH,CH,NH 0 \©\
a S

(Table continued on next page)
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Table 1 (continued)

C.I. Acid Blue 93
(Aniline Blue, Methyl Blue)
C.I. 42780

C.I. Basic Blue 9
(Methylene Blue)
C.I. 52015

ﬁH@ 799.81 600
SO;
QL
o w3
NaO.S SO;Na
N cr
N
/@i D\S H,0 373.90 661
(CH,),N S N(CIH,),

691.88 514

C.I. Acid Red 87
(Eosin Y)
C.I. 45380

selected by a Pyrex filter. The standard EPR
experiments were performed at 290 K. Typical
spectrometer settings for the series of EPR experi-
ments were as follows: center field, 348 mT; sweep
width, 6-10 mT; gain, 5x10°-2.5x10%; modula-
tion amplitude, 0.05-0.1 mT; microwave power,
20 mW; time constant, 80—200 ms; sweep time, 40—
100 s. The g-values were quoted with uncertainty
of £0.0001 by an internal reference standard
marker containing 1,1-diphenyl-2-picrylhydrazyl
(DPPH) built into the EPR spectrometer. The
simulations of the individual components of the
EPR spectra were obtained using the commer-
cially available program SimFonia (Bruker). The
complex experimental spin adducts EPR spectra
were then fitted as the linear combinations of these
individual simulations by means of a least-squares
minimization procedure with the Scientist Pro-
gram (MicroMath). The statistical parameters of
calculation procedure (R?, coefficient of determi-
nation and correlation) serve for the determina-
tion of simulation quality, i.e. harmonization of

experimental and simulated spectra. The relative
concentrations of the spin adducts were calculated
from the contributions of the individual spectra to
experimental spectrum.

The photochemical experiments on paper were
performed with Whatman 1 samples. Dye solution
(50 pl) in ethanol (1 mg/3 ml) was poured through
a piece of paper (2.5 cm?), followed by 50 ul of
DMPO or TMP solution in ethanol (cpmpo=0.2
mol dm™3; crmp=6 mmol dm™3), and the
coloured paper was dried in dark for 15 min. The
sample was then placed into a biological EPR cell
with quartz window and EPR spectra were mon-
itored in situ upon continuous irradiation.

The EPR spectra of polycrystalline dye samples
were recorded at 290 K using the original single
TE 0> (ER 4102 ST) rectangular cavity. The
homogenized polycrystalline samples were placed
in thin-walled quartz EPR tubes (internal diameter
of 3 mm, length of 150 mm, and wall thickness
about 0.1 mm) to produce cylindrical samples with
identical dimensions.
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3. Results and discussion
3.1. EPR spectra of polycrystalline dye samples

The triarylmethane dyes are naturally EPR
silent compounds. However, the EPR spectra of
original polycrystalline dye samples revealed pre-
sence of EPR signals, characterized by effective
g-value of 2.0044, as is shown in Fig. 1. A logical
explanation of these EPR signals can be rationa-
lized as a consequence of lower photochemical
and thermal stability of triarylmethane dyes. We
presupposed dye autoxidation during the pre-
paration or the storage procedure, generating
hydroperoxides in accord with the generalized
scheme [Eqs. (4-0)] [23,24]:

R—-H — R +H (4)
R’ +0, - ROO" ®)
ROO" + R-H — ROOH +R* (6)

The decomposition of hydroperoxidic structures
initiated by metal ions, heating or irradiation [25]
resulted in the formation of reactive oxygen radi-
cal intermediates [Egs. (7) and (8)].

ROOH +hv — R* +°OOH (7)
ROOH + hv — RO’ +*OH (8)

This mechanism could rationally explain the
formation of oxygen-centered radical adducts
monitored upon irradiation of deoxygenated dye
solutions in the presence of DMPO, as will be
demonstrated below.

3.2. Application of EPR spin trapping technique in
the identification of radical species produced upon
irradiation of dyes

EPR spin trapping method involves trapping of
short-lived free radicals by a diamagnetic EPR
silent compound (spin trap) via addition to a spin
trap double bond, producing a more stable free
radical product (spin adduct). Spin adducts are

paramagnetic, and have EPR spectra with hyper-
fine splitting constants and g-value characteristic
of the type of free radical trapped [26,27]. Nitrone
spin traps (e.g. DMPO) scavenge free radical spe-
cies via addition to a carbon located in a-position
relative to the nitrogen [Eq. (9)].

H;Cj H,C H
7 4R ——>

N " N7 TR
e N H,C \ 9)
o) o
DMPO * DMPO-R

In the presence of nitroso spin trapping agents
(e.g. 2,3,5,6-tetramethyl nitrosobenzene; ND) the
free radicals are added directly to nitrogen [Eq.
(10)], accordingly more specific information on the
structure of radical trapped is obtained from the
EPR spectra of the corresponding spin adducts
[26,27]. The main disadvantages of ND under
given experimental conditions are based on the
relatively poor solubility in polar solvents, as well
as on fact that trapping of oxygen-centered radical
species by ND is restricted due largely to poor
stability of these types of adducts [26,27].

CH, CH, CH, CH,
NO + ‘R — Tl\'—R |
. (10)
CH, CH, CH, CH,
ND *ND-R

3.2.1. Aqueous dye solutions
3.2.1.1. Oxygen. Fig. 2 shows the time evolution
of EPR signal, monitored upon continuous irra-
diation of aqueous oxygen-saturated solutions of
C.I. Basic Blue 9 (Methylene Blue) in the presence
of DMPO spin trap. The photoexcitation under
given experimental conditions led to the gradual
formation of four-line EPR spectrum character-
ized by hyperfine splittings an=1.51 mT,
af;=1.49 mT, and g-value=2.0057. This EPR
signal is attributed to DMPO spin adduct with
hydroxyl radical, "DMPO-OH [27]. Fig. 3a displays
experimental and simulated EPR spectra corre-
sponding to *“DMPO-OH adduct obtained upon
15 min of irradiation of C.I. Basic Blue 9 (Methyl-
ene Blue) in aqueous solution under oxygen.

The super-oxide anion radicals, primarily gen-
erated by electron transfer from the photoexcited
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C.I. Basic Red 9
C.1. Basic Blue 11

C.1. Acid Blue 93
C.I. Basic Green 4

C.I. Basic
Blue 9

C.I. Basic Violet 3

C.1. Acid Green 16 C.L Acid
Red 87

332 334 336 338 340 332 334 336 338 340
Magnetic field, mT Magnetic field, mT

Fig. 1. EPR spectra of original polycrystalline dye samples measured at 290 K. Spectrometer settings: center field, 335.68 mT; sweep
width, 10 mT; gain 5.02x 10%; modulation amplitude, 0.1 mT; microwave power, 20 mW; time constant, 163.84 ms; sweep time, 41.9 s.
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Irradiation time, s

Fig. 2. Time evolution of EPR spectra (sweep width of 7 mT) monitored upon continuous irradiation (A > 300 nm) of aqueous
oxygen-saturated solution of C.I. Basic Blue 9 (Methylene Blue) in the presence of DMPO spin trapping agent (cgye = 8.4x10~* mol

dm~3; cpmpo="0.01 mol dm—3).

dye molecules to oxygen, are transformed in aqu-
eous media by a sequence of reactions to hydroxyl
radicals [Eqgs. (11)—(15)] [28], which produce stable
paramagnetic adduct with DMPO [27]. The addi-
tion reactions of O5~ or *O,H with DMPO could
not be excluded, however the stability of generated
*DMPO-05/0O>H spin adducts in aqueous media
is low [29]. Consequently, under given experi-
mental conditions, in the EPR spectra monitored
upon irradiation predominated four-line signal
corresponding to DMPO-OH adduct (Figs. 2 and
3a).

D*+0, - D' +0;° (11)
0, +H' < "OH (12)
‘0,H +°0,H — H,0, + 0, (13)
0y +H,0, — "OH +OH™ + O, (14)
H,O0, +hv — *OH (15)

We evidenced the photoinduced production of
hydroxyl radicals also in oxygen-saturated aqu-
eous solutions upon exposure of C.I. Basic Violet
3 (Crystal Violet), C.I. Basic Green 4 (Malachite
Green Oxalate) and C.I. Acid Green 16. The pho-
tochemical production of hydroxyl radicals may
induce significant deterioration of dye molecules,
resulting in the ink fading, as well as substrate
decomposition in the concomitant presence of
dye/water/oxygen factors [14-17].

Hydroxyl radicals, produced upon dye photo-
excitation, represent electrophilic oxidants, and
consequently, the oxidation of dye is initiated by
the attack of *OH on an electron-rich site, most
probably on the amino groups [30]. The oxidative
N-demethylations of C.I. Basic Blue 9 (Methylene
Blue) [31,32] and C.I. Basic Violet 3 (Crystal
Violet) [33] were previously evidenced in the irra-
diated aqueous TiO, suspensions. The detailed
analysis of photodegradation products of Acid
Orange 52 (an aminoazobenzene dye) confirmed
loss of N-methyl groups probably initiated by one-
electron transfer from the amino substituent by
hydroxyl radicals [30], and analogous mechanism
was presupposed also in the photooxidation of



184 V. Brezova et al. | Dyes and Pigments 61 (2004) 177—198

b)

Fig. 3. Experimental (solid line) and simulated (dotted line)
EPR spectra (sweep width of 7 mT) obtained upon 15 min of
continuous irradiation (4 > 300 nm) in the presence of DMPO
(compo=0.01 mol dm—3): (a) C.I. Basic Blue 9 (Methylene
Blue) oxygen-saturated aqueous solution (cgye=8.4x10~% mol
dm™3); (b) C.I. Basic Violet 3 (Crystal Violet) argon-saturated
aqueous solution (cgye=7.7x10~* mol dm~3).

C.1. Basic Violet 3 (Crystal Violet) [34]. Hydrogen
peroxide and hydroxyl radicals play significant
role in the N-demethylation processes, e.g. the
level of demethylation of C.I. Basic Violet 3
(Crystal Violet) catalyzed by horseradish perox-

idase is controlled by H,O, concentration, and
analogous processes were observed for other
triarylmethane dyes, as well as for C.I. Basic Blue
9 (Methylene Blue) [35,36].

3.2.1.2. Argon. The irradiation of de-aerated aqu-
eous solutions of investigated dyes in the presence
of DMPO caused generation of paramagnetic
species only using C.I. Basic Violet 3 (Crystal
Violet). Also here, in oxygen-free system, we con-
firmed the formation of *DMPO-OH adduct
(Fig. 3b). The formation of *“DMPO-OH in de-
aerated system could be compatible with the pho-
todecomposition of peroxidic structures present in
original polycrystalline dyes [Eqgs. (7) and (8)].
However, no evidence on the formation of para-
magnetic species were obtained upon illumination
of de-aerated aqueous solutions of C.I. Acid Blue
93, C.I. Basic Blue 9 (Methylene Blue) and C.I.
Acid Red 87 (Eosin Y), i.e. dyes with the highest
paramagnetic signals in the original polycrystal-
line samples (Fig. 1). Therefore we presupposed
that in irradiated argon-saturated aqueous solu-
tions of C.I. Basic Violet 3 (Crystal Violet),
*DMPO-OH adducts are formed by an alternative
mechanism from the photogenerated spin trap
cation-radical, DMPO** [Egs. (16) and (17)] [37].

hv, Crystal Violet
_

DMPO DMPO"* (16)

DMPO'* + H,O0 — ‘DMPO—-OH + Ht  (17)

3.2.2. Ethanol dye solutions

As ethanol represents an important ingredient
of ink compositions, the photochemical experi-
ments were performed in systems dye/ethanol/
DMPO or dye/ethanol/ND saturated by argon or
oxygen.

3.2.2.1. Argon. Photoexcitation of C.I. Basic Vio-
let 3 (Crystal Violet), C.I. Basic Red 9 (Basic
Fuchsin), C.I. Basic Green 4 (Malachite Green
Oxalate), C.I. Basic Blue 11 (Victoria Blue R) and
C.I. Acid Blue 93 dyes in deoxygenated solutions
in the presence of DMPO resulted in the forma-
tion of paramagnetic signals, which were attrib-
uted to *DMPO-OC,Hs, *‘DMPO-OOH and
‘DMPO-CR spin adducts, as is shown in Fig. 4.
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DYE

C.I. Basic Violet 3
C.I. Basic Red 9
C.I. Basic Green 4
C.1I. Basic Blue 11
C.1. Acid Blue 93

C.I. Acid Green 16

C.I. Basic Blue 9

C.1 Acid Red 87

EPR SPECTRUM

SIMULATION
PARAMETERS

‘DMPO-OOH (75 %)
ay = 1.325mT

ay® = 1.045 mT

a”Y =0.130 mT
2=2.0058

*DMPO-OC,H; (17 %)
an=1.370 mT

ay® =0.750 mT

an’ =0.160 mT
g=2.0058

*DMPO-CR (8 %)
ay = 1.495 mT

a’ =2.205 mT
g=2.0056

*DMPO-OOH (43 %)
*DMPO-OC,Hs (26 %)
*DMPO-CR (30.5 %)

ay = 1.495mT
a’=2.195mT
g=2.0055
*DMPO-SO; (0.5 %)
ay=1.510 mT

an’ =1.640 mT

g =2.0056

*DMPO-OC,Hs (49 %)

*DMPO-CR (37 %)
ay = 1.550 mT

a’ =2.040 mT
g=2.0056

*DMPO-H (14 %)
an=1.550 mT
a’(2H) = 2.205 mT
g=2.0056

Semiquinone (100 %)
ay(2H) = 0.359 mT
2=2.0055

Fig. 4. Experimental (solid line) and simulated (dotted line) EPR spectra (sweep width of 7 mT) obtained upon 15 min of continuous
irradiation (4 > 300 nm) in dye/ethanol/DMPO argon-saturated solutions (cgy. =(3.4-8.4)x 10~* mol dm~%; ¢pmpo=0.01 mol dm—3).
EPR spectra in C.I. Basic Blue 9 (Methylene Blue) and C.I. Acid Red 87 (Eosin Y) solutions were measured using 8 mT and 3 mT

sweep width, respectively.
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In addition to these radical species we revealed in
the irradiated C.I. Acid Green 16 solutions EPR
signal of low intensity corresponding to *‘DMPO-
SO3 spin adduct. The detection of this adduct is in
good accordance with the photodesulphonation of
aromatic compounds evidenced previously in our
EPR experiments [38].

It should be noted here that in all systems con-
taining triarylmethane dye/ethanol/DMPO/Ar
already prior to irradiation a paramagnetic signal
attributed to *“DMPO-OC,Hs was identified. In
the absence of light, the ethoxy radicals may be
produced by the hydrogen abstraction from etha-
nol solvent by ROO" structures [Eq. (6)]. The data
obtained evidently demonstrated the important
role of hydroperoxidic structures, generated in
polycrystalline dyes by autoxidation processes
[Egs. (4-6)], in the photochemical processes of
triarylmethane dyes, since their reactions may
clarify the formation of *DMPO-O,H adduct
under anaerobic conditions.

Upon irradiation, the process of hydrogen
abstraction from solvent by excited triarylmethane
dye molecules [Eq. (2)] led to the formation of
ethoxy radicals, which are trapped by spin trap-
ping agents, or transformed in other radical pro-
ducts [Eqgs. (18)—(21)] [39].

D* + CH;CH,OH — °DH + CH3;CH,O*  (18)

CH;CH,0* + CH3;CH,OH

— CH;CH,OH + CH;CH'OH (19)
CH;CH'OH + CH3CH,OH

— CH;CH,O0H + ‘CH,CH,OH (20)
*CH,CH,OH — *CH; + CH,OH Q1)

Irradiation of C.I. Basic Blue 9 (Methylene Blue)
(MB) under identical experimental conditions
resulted in the formation of *DMPO-OC,Hs,
*DMPO-CR and " DMPO-H spin adducts (Fig. 4).
The latter adduct may be generated by N-deme-
thylation process [Eq. (22)], as was presupposed
previously [30].

o CH CH
MB irradiation N/ 3 ‘N/ 2 T (22)

K e

3

Carbon-centered adducts, “DMPO-CR, mon-
itored upon irradiation of triarylmethane dyes and
C.I. Basic Blue 9 (Methylene Blue) are formed by
reactions of radicals originated from solvent
(CH5CH'OH, °CH,CH,OH, °CHj3), or by the
addition of radical species produced by the pho-
todegradation of dyes. Application of more selec-
tive nitrosodurene spin trapping agent confirmed
the photoinduced transformations of ethanol, as
well as triarylmethane dyes. Paramagnetic signals
monitored upon continuous irradiation of these dyes
under argon in the presence of ND correspond to
three spin adducts [27,39]: "“ND-CH(OH)CHj;
(an=1.390 mT, af;=0.691 mT; g=2.0057), "ND-
CH; (an=1444 mT, af3H)=1.325 mT;
g=2.0057) and °ND-CR (an=1405 mT;
£=2.0057) as is demonstrated in Fig. 5a for C.I.
Basic Blue 11 (Victoria Blue R).

However, the EPR spectra measured upon irra-
diation of C.I. Acid Red 87 (Eosin Y) under ana-
logous conditions were quite different (Fig. 4),
while only three-line EPR signal (ay(2H)=0.359
mT; g=2.0055) was observed, which corresponds
to the photoinduced generation of semiquinone
structure of C.I. Acid Red 87 (Eosin Y) via elec-
tron and proton transfer. The photogeneration of
paramagnetic semiquinone was confirmed also
upon irradiation of solutions C.I. Acid Red 87
(Eosin Y)/ethanol/ND/argon. The photochemical
reduction of C.I. Acid Red 87 (Eosin Y) caused
the transformation of quinoidal structure of the
xanthene ring into semiquinone, which is char-
acterized by triplet EPR spectrum resulting from
the hyperfine interaction of unpaired electron with
two protons [40,41].

3.2.2.2. Oxygen. On the contrary, the irradiation
of all investigated dyes in ethanol/DMPO/oxygen
solutions established generation of two spin adducts,
i.e. 'DMPO-OOH (an=1.320 mT, af;=1.045 mT,
a$;=0.130 mT; g=2.0058) and “DMPO-OC,H;
(an=1.365 mT, af;=0.750 mT, a};=0.160 mT,
£=2.0058) as is shown in Fig. 5b for C.I. Basic
Blue 11 (Victoria Blue R). These identified radical
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Fig. 5. Experimental (solid line) and simulated (dotted line)
EPR spectra observed after 15 min of continuous irradiation (4
> 300 nm) of C.I. Basic Blue 11 (Victoria Blue R) in ethanol
solutions (cgye=6.8x10~* mol dm~3) under: (a) argon in the
presence of ND (system saturated with ND; sweep width of 10
mT); (b) oxygen in the presence of DMPO (cpypo=0.01 mol
dm~3; sweep width of 8 mT).

species are in good accordance with photo-
oxidative electron/proton transfer mechanism
(Type I process), as is described in [Egs. (1) and
@)

The results of EPR investigations in ethanol
confirmed that photoproduced radical species,
identified by spin trapping agents, originated pre-
dominantly from the solvent. Consequently, we
could presuppose that in ethanol the preferential
deactivation pathway of dye excited states repre-
sents interaction with solvent.

3.2.3. Dimethylsulphoxide dye solutions

3.2.3.1. Oxygen. In order to test the efficiency of
05~ production upon irradiation of dyes, the
photochemical experiments were performed in
DMSO solvent, which is well known by its ability
to stabilize super-oxide radical anions [27,42—44].
The application of DMPO spin trapping agent in
DMSO solvent clearly evidenced the substantial
effect of oxygen on dye photodecomposition. The
formation of *‘DMPO-0O5 adduct was observed
for all investigated dyes in good accordance with
the proposed photooxidative mechanism [Egs. (1)
and (2)].

Fig. 6 shows the experimental and simulated
EPR spectra obtained in the irradiated oxygen-
saturated DMSO solutions of C.I. Basic Violet 3
(Crystal Violet) and C.I. Acid Red 87 (Eosin Y) in
the presence of DMPO. The EPR spectrum pre-
sented here for C.I. Basic Violet 3 (Crystal Violet)
(Fig. 6a) was simulated using hyperfine splitting
constants an=1.278 mT, af;=1.040 mT,
af;=0.142 mT and g=2.0059, in good accordance
with the characteristics of *DMPO-0O5 adduct
[27,42]. The equivalent EPR spectra were mon-
itored and simulated for other dyes except for C.I.
Acid Red 87 (Eosin Y) (Fig. 6b). The presence of
C.I. Acid Red 87 (Eosin Y) in the irradiated sys-
tem DMSO/DMPO/oxygen caused additional
oxidation of B-hydrogen of spin trap [Eq. (23)],
generating further radical product attributed to
*DMPO-X (an=0.705 mT, af;(2H)=0.352 mT;
g=2.0066) [27]. Consequently, the simulation of
experimental spectra in Fig. 6b represents a linear
combination of two EPR signals, i.e. "DMPO-O3
(74%) and *DMPO-X (24%). As C.I. Acid Red 87
(Eosin Y) behaves as effective producer of '0,, we
concluded a singlet oxygen-induced photooxida-
tion of DMPO, as was previously evidenced by
Bilski et al. [45].

1
0, H
H,C ~ H,C
¥ N/ irradiation ~ (23)

H,C | HCo N 0
o o-
DMPO - DMPO-X

The characteristics of radical species measured
upon continuous illumination of dyes in oxygenated
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DMSO solutions saturated by nitrosodurene spin
trap are summarized in Table 2. The photoexcita-
tion caused the formation of spin adducts attrib-
uted to the transformations of dyes (*CR), solvent
(*ND-CH3), as well as to spin trap oxidation
(ND**). The three-line EPR signal characterized
by large value of nitrogen hyperfine splitting (ay
~2.6 mT) and lower g-value (g=2.0046) mea-
sured upon continuous irradiation of C.I. Basic

f

b)

Fig. 6. Experimental (solid line) and simulated (dotted line)
EPR spectra (sweep width of 7 mT) obtained upon 15 min of
continuous irradiation in oxygen-saturated DMSO solutions in
the presence of DMPO (cpppo =0.01 mol dm~3): (a) C.I. Basic
Violet 3 (Crystal Violet) (cgye="7.7x10"* mol dm~3); (b) C.I.
Acid Red 87 (Eosin Y) (caye =4.5%107* mol dm—3).

Green 4 (Malachite Green Oxalate), C.I. Basic
Violet 3 (Crystal Violet) and C.I. Acid Blue 93
only under oxygen in the presence of ND was
attributed to nitrosodurene cation-radical [46].
The assignment of radicals monitored was based
on the agreement of experimental hyperfine split-
tings with the published data. No radical species
were observed during irradiation of C.I. Basic Red
9 (Basic Fuchsin), C.I. Basic Blue 11 (Victoria
Blue R), C.I. Acid Green 16 and C.I. Basic Blue 9
(Methylene Blue) under identical conditions in
oxygenated DMSO/ND solutions.

a)

b)

Fig. 7. Experimental (solid line) and simulated (dotted line)
EPR spectra observed after 15 min of continuous irradiation
(4 > 300 nm) of C.I. Basic Violet 3 (Crystal Violet) in argon-
saturated DMSO solutions (cgqye =7.7x 10~* mol dm~?) in the
presence of spin trapping agent: (a) DMPO (¢pmpo=0.01 mol
dm—3; sweep width of 7 mT); (b) ND (system saturated with
ND; sweep width of 8 mT).
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Table 2
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Simulation parameters of EPR spectra for nitrosodurene spin adducts obtained after 15 min of continuous irradiation (4 > 300 nm) in

oxygenated DMSO solutions saturated with spin trapping agent

Dye ND spin Hyperfine g-value Relative Reference
adduct splittings concentration
(mT) (0 ())
C.I. Basic Green 4 (Malachite Green Oxalate) ND-+ an=2.577 2.0046 100 [46]
C.I. Basic Violet 3 (Crystal Violet) *‘ND-CR an=1.174 2.0057 10.3 [27,39,46,47]
ND-* an=2.600 2.0046 89.7 [46]
C.1. Acid Blue 93 *‘ND-CR an=1.160 2.0057 44.2 [27,39,46,47]
ND-* an=2.600 2.0046 53.3 [46]
*‘ND-CHR an=1.160 2.0056 2.5 [27,39,48]
afy=0.464
C.1. Acid Red 87 (Eosin Y) *ND-CR an=1.162 2.0057 71.7 [27,39,46.,47]
ND-* an=2.610 2.0046 22.8 [46]
*‘ND-CHj3; an=1.410 2.0056 5.5 [27,39,46,47]

afy(3H) =1.305

3.2.3.2. Argon. The illumination of investigated
dyes in experimental systems dye/DMSO/DMPO/
argon and dye/DMSO/ND/argon resulted in the
formation of paramagnetic species, which were
identified as the corresponding spin trap adducts,
e.g. ‘DMPO-0O5;, °‘DMPO-CR, °*DMPO-SR,
*‘DMPO-OR, "DMPO-NR, *“ND-CH3, "ND-CR
and semiquinone radical of C.I. Acid Red 87
(Eosin Y).

Fig. 7 shows the experimental and simulated
EPR spectra monitored upon continuous irradia-
tion of C.I. Basic Violet 3 (Crystal Violet) in de-
aerated DMSO solution in the presence of DMPO
(Fig. 7a) and ND (Fig. 7b). Tables 3 and 4 sum-
marize the characteristics of EPR spectra used in
the simulations of experimental spectra. The type
of radical species identified upon photoexcitation
under inert atmosphere was significantly depen-
dent on dye structure, and the dominant effect
plays the character and number of substitutions
on triarylmethane core. Again here, we observed
the formation of super-oxide anion radical
adducts *DMPO-0O5, as well as *DMPO-OR
under strictly deoxygenated conditions (Table 3).
The photochemical transformation of hydro-
peroxidic structures may be a reasonable explana-
tion of O3~ and "OR species formation. Methyl
radicals, unambiguously identified using ND spin
trapping agent, are produced most probably via
reaction of photogenerated hydroxyl radicals [Eq.

(8)] with DMSO solvent [Eq. (24)] [44,51], since
this radical species was trapped almost in all argon
saturated dye solutions upon exposure (Tables 3
and 4). Alternatively, the methyl radicals could be
formed by photoreduction of DMSO by photo-
excited dye molecules [52].

*OH + CH;SOCH; — *CH; + CH;SO(OH)
(24)

The continuous irradiation of C.I. Acid Red 87
(Eosin Y) and C.I. Basic Blue 9 (Methylene Blue)
in DMSO/DMPO/Ar solutions caused the pro-
duction of *DMPO-SR adduct, originating from
solvent, as was described previously [42]. Further-
more, photoexcitation of the latter dye in DMSO/
ND/Ar media resulted in the formation of three-
line EPR signal (an=0.730 mT; g=2.0045),
assigned to MB cation-radical, MB**, produced
by photoinduced electron transfer from the phe-
nothiazine skeleton [50].

3.3. Singlet oxygen production upon irradiation of
dyes evidenced by EPR

Photoexcited molecules of C.I. Acid Red 87
(Eosin Y) and C.I. Basic Blue 9 (Methylene Blue)
in oxygenated media are defined as effective pro-
ducers of singlet oxygen [53-56]. However, the
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information on the ability of triarylmethane dyes

to generate 'O, upon photoexcitation found in
literature is not consistent.
In our experiment, the formation of singlet H,C

oxygen upon irradiation of triarylmethane dyes
was confirmed using the selective reaction of TMP
with 'O, [53,57,58], which resulted in the forma-

tion of stable nitroxyl free radical TEMPOL [Eq.

(25)].

Table 3

OH

H

TMP

CH

3

OH

nxc@m . H,C >fj<cﬁs

3 ° singlet oxygen 3

N

| ) CH (25)

3

H,C

«O—Z

TEMPOL

The application of TMP in oxygen-saturated

solutions of triarylmethane dyes, as well as in

Simulation parameters of EPR spectra for DMPO spin adducts obtained after 15 min of continuous irradiation (4 > 300 nm) in

argon-saturated DMSO solutions

Dye DMPO spin Hyperfine g-value Relative Reference
adduct splittings concentration
(mT) (%)
C.I. Basic Red 9 ‘DMPO-OR an=1.375 2.0059 84.4 [27, 49]
(Basic Fuchsin) afi=1.324
‘DMPO-CH; an=1.480 2.0056 15.6 [27, 47]
af=2.100
C.I. Basic Green 4 ‘DMPO-CHj; an=1.480 2.0056 87.1 [27, 47]
(Malachite Green Oxalate) af=2.100
‘DMPO-NR an=1.288 2.0056 12.9 [27]
af;=1.040
an = 0.142
C.I. Basic Violet 3 *DMPO-CH; an=1.478 2.0056 100 [27, 47]
(Crystal Violet) af=2.102
C.I. Basic Blue 11 ‘DMPO-0O3 an=1.288 2.0059 77.0 [27, 42, 43]
(Victoria Blue R) afy=1.040
af;=0.142
‘DMPO-CH; an=1.485 2.0056 7.2 [27, 47]
af;=2.080
‘DMPO-SR an=1415 2.0058 15.8 [27, 49]
afi=1.190
C.I. Acid Green 16 ‘DMPO-CH; an=1475 2.0056 31.0 [27, 47]
af=2.095
‘DMPO-O5 an=1.285 2.0059 32.0 [27, 42, 43]
afi=1.040
af;=0.147
*DMPO-SR an=1.400 2.0058 37 [27, 49]
af;=1.163
C.I. Acid Blue 93 ‘DMPO-03 an=1.290 2.0059 100 [27, 42, 43]
af;=1.045
af;=0.135
C.I. Basic Blue 9 ‘DMPO-OR an=1.305 2.0059 62.7 [27, 49]
(Methylene Blue) af=1.491
‘DMPO-CH; an=1472 2.0056 37.3 [27, 47]
af=2.110
C.I. Acid Red 87 ‘DMPO-CH; an=1.444 2.0056 47.9 [27, 47]
(Eosin Y) af=2.080
‘DMPO-OR an=1.309 2.0059 33.2 [27, 49]
afy=1.505
semiquinone ap(2H)=0.340 2.0056 18.9 [40, 41]
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Simulation parameters of EPR spectra for nitrosodurene spin adducts obtained after 15 min of continuous irradiation (4 > 300 nm) in
deoxygenated DMSO solutions saturated with spin trapping agent

Dye ND spin Hyperfine g-value Relative Reference
adduct splittings concentration

(mT) (%)

C.I. Basic Red 9 ‘ND-CR an=1.318 2.0057 79 [27,39,46,47]

(Basic Fuchsin) *ND-CHj3; an=1.410 2.0056 21 [27,46,47]
afy(3H)=1.282

C.I. Basic Green 4 *‘ND-CHj3; an=1.408 2.0056 100 [27,46,47]

(Malachite Green Oxalate) afi(3H)=1.282

C.I. Basic Violet 3 *‘ND-CHj3; an=1.410 2.0056 100 [27,46,47]

(Crystal Violet) afy(3H)=1.286

C.I. Basic Blue 11 *‘ND-CR an=1.322 2.0057 5.8 [27,39,46,47]

(Victoria Blue R) *ND-CHj3; an=1.410 2.0056 94.2 [27,46,47]
afi(3H)=1.285

C.1. Acid Green 16 - - - - -

C.I. Acid Blue 93 *ND-CHj3; an=1413 2.0056 100 [27,46,47]
afi(3H)=1.292

C.I. Basic Blue 9 MB-* an=0.730 2.0045 96 [50]

(Methylene Blue) ‘ND-CR an=1.308 2.0057 2 [27,39,46,47]

‘ND-CH3; an=1.395 2.0056 2 [27,46,47]

af(3H)=1.287

C.I. Acid Red 87 (Eosin Y) *‘ND-CHj3; an=1.405 2.0056 100 [27,46,47]

afi(3H)=1.285

solutions of recognized 'O, producers C.I. Basic
Blue 9 (Methylene Blue) and C.I. Acid Red 87
(Eosin Y), showed evidence that singlet oxygen
was produced upon irradiation of dyes only in
dimethylsulphoxide. The experiments with TMP
were unsuccessful, when deuterium oxide or etha-
nol solvents were applied, probably due to the
short lifetime of singlet oxygen in these media [21].

Fig. 8 shows the time evolution of EPR spectra
measured upon continuous irradiation of oxygen-
saturated DMSO solutions of C.I. Acid Red 87
(Eosin Y) (Fig. 8a) and C.I. Basic Blue 9 (Meth-
ylene Blue) (Fig. 8b) in the presence of TMP. The
EPR signal, corresponding to photooxidative
generation of TEMPOL, increased significantly at
the beginning of irradiation, then reached a max-
imum, but subsequently decreased with the pro-
longed irradiation time. This decline may be
explained by the interaction of the photoproduced
nitroxyl radical (TEMPOL) with photoexcited
molecules of dyes [Eq. (26)] [59,60], as well as by
the reactions with simultaneously produced singlet
oxygen and super-oxide anion radicals [Eqgs. (27
and (28)] [61-63].

> NO" +*D — products and/or quenching
(26)

> NO* 4+ !0, — products and/or quenching
@27

> NO*® + O;_ —- > NO-OO~ — > NO™ +0,
(28)

The EPR spectra monitored upon photoexcita-
tion of C.I. Acid Red 87 (Eosin Y)/DMSO/TMP/
O, solution correspond to the formation of TEM-
POL (an=1.578 mT,; g=2.0060; Fig. 8a). How-
ever, upon photoexcitation of C.I. Basic Blue 9
(Methylene Blue)/DMSO/TMP/O, system, the
experimental EPR spectra were attributed to two
signals, and consequently simulated as a linear
combination of signal corresponding to TEMPOL
and additional three-line spectrum corresponding
to MB* " (an=0.702 mT and g=2.0045).
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The relative intensity of EPR signal reflecting
photooxidative TEMPOL formation upon irra-
diation of triarylmethane dyes is significantly
lower comparing to C.I. Acid Red 87 (Eosin Y)
and C.I. Basic Blue 9 (Methylene Blue), as is
depicted in Fig. 9. Extremely low intensities of this
EPR signal were measured upon photoexcitation
of C.I. Basic Green 4 (Malachite Green Oxalate)
and C.I. Acid Green 16 (Fig. 9). However, due to
the possible transformations of nitroxyl groups
[Egs. (26)—(28)], we could not exclude 'O, also

.
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being formed upon photoexcitation of these triar-
ylmethane dyes.

3.4. Photooxidation processes of dyes investigated
using TEM POL termination

The ability of photogenerated reactive species to
reduce the EPR signal of nitroxyl radicals was
tested using oxygenated DMSO dye solutions by
addition of TEMPOL [64]. Fig. 10a represents the
dependence of the TEMPOL relative EPR signal

A A

0 90 180 270 360 450
Irradiation time, s

1 1 1 1 1 1 1 ]

0 42 84 126 168 210

Irradiation time, s

Fig. 8. Time evolution of EPR spectra (sweep width of 6 mT) measured upon continuous irradiation (4 > 300 nm) of oxygen-satu-
rated DMSO solutions in the presence of TMP (crmp=0.001 mol dm=3): (a) C.I. Acid Red 87 (Eosin Y) (cqye=4.0x10~* mol dm—);

(b) C.L. Basic Blue 9 (Methylene Blue) (cgye="7.4x10~% mol dm3).
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C.I. Basic Red 9 C.I. Acid Green 16

C.I. Basic Green 4 C.1. Basic Blue 11

N N e

C.1. Basic Violet 3 C.I. Acid Blue 93

I\ e\ N\ o

345 346 347 348 349 350 345 346 347 348 349 350
Magnetic field, mT Magnetic field, mT

Fig. 9. Experimental EPR spectra measured upon 10 min of continuous irradiation (4 > 300 nm) in oxygen-saturated dye/DMSO/
TMP solutions (ctmp=0.001 mol dm~3; paye=0.275 mg cm3).
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Triarylmethane dye

Fig. 10. (a) The dependence of TEMPOL relative EPR signal on irradiation time determined in the irradiated oxygen-saturated
DMSO solutions in the presence of TEMPOL (crempor=0.16 pmol dm—3; Pdye=0.32 mg cm~3): Reference (H); C.I. Basic Red 9
(Basic Fuchsin) (e); C.I. Basic Green 4 (Malachite Green Oxalate) (A); C.I. Basic Violet 3 (Crystal Violet) (¥); C.I. Acid Green 16
(O); C.I1. Basic Blue 11 (Victoria Blue R) (O); C.I. Acid Blue 93 (A). The solid lines represent the mathematical simulations of
experimental data in accord with the formal first-order kinetics. (b) The formal first-order rate constants, ktgmpor, With standard
deviations calculated using least square analysis of TEMPOL relative EPR signal decline on irradiation time in oxygen-saturated dye/
DMSO/TEMPOL solutions (¢tempor =0.16 pmol dm™3; pgye =0.32 mg cm—3).
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on the irradiation time in the solutions containing
triarylmethane dye/DMSO/TEMPOL/O,, as well
as in the reference system without dye. From the
experimental spectra we measured the intensity of
TEMPOL EPR signal for the individual irradia-
tion periods, and consequently, TEMPOL relative
EPR signal, Igpr(TEMPOL), was calculated
according to [Eq. (29)]:

I(TEMPOL)
Io(TEMPOL)

where Io(TEMPOL) represents the initial EPR
intensity of TEMPOL and I(TEMPOL) corre-
sponds to the free radical EPR signal after various
irradiation periods.

The experimental data were plotted as the
exponential function (solid lines in Fig. 10a) using
least square analysis (program Scientist, Micro-
Math) and the corresponding values of formal
first-order rate constant (ktgmpor) were calcu-
lated. The statistic parameters of fitting calcula-
tions (sum of square deviations, R-squared,
correlation, coefficient of determination) showed
good agreement of the experimental and calcu-
lated data. The calculated values of the formal
first-order rate constant representing the decrease
of TEMPOL relative to EPR intensity in the irra-
diated dye solutions are shown in Fig. 10b. The
highest values of ktgypor were established upon
illumination of symmetrical dyes C.I. Basic Red 9
(Basic Fuchsin) and C.I. Basic Violet 3 (Crystal
Violet), but only negligible decline, comparable
with blank experiment, was demonstrated in the
presence of C.I. Acid Blue 93 (Fig. 10b).

Iepr(TEMPOL) = (29)

3.5. Photooxidation of dyes on paper substrate

The properties of substrates (paper, polymer
matrix) may significantly influence the photo-
degradation processes of dyes initiated by irradia-
tion. Additionally, the radical species produced
upon the photoexcitation of dyes can initiate
deterioration processes of substrates, leading to
the loss of mechanical and optical properties
[14-20].

In attempt to evidence the production of reac-
tive oxygen species (O5~, 'O,) upon irradiation of
the investigated dyes on solid substrate, we pre-

pared coloured paper samples using ethanolic
solutions of dyes, DMPO or TMP. After sponta-
neous evaporation of solvent in the dark, we irra-
diated the tinted paper directly in the cavity of the
EPR spectrometer and monitored the EPR spectra
in situ. Fig. 11 represents the EPR spectra
observed after 10 min of continuous irradiation of
paper coloured by C.I. Acid Blue 93 (Fig. 11a) and
C.I. Acid Red 87 (Eosin Y) (Fig. 11b) in the pre-
sence of TMP. These data clearly demonstrate the
photoinduced formation of singlet oxygen and
photooxidation of TMP generating paramagnetic
TEMPOL. The anisotropy of the EPR spectra
resulted from the motionally restricted nitroxyl
group of TEMPOL in the paper matrix. The ana-
logous experiments performed using DMPO spin
trapping agent led to the photoinitiated formation

a)

b)

Fig. 11. Experimental EPR spectra measured upon 10 min of
continuous irradiation (4 > 300 nm) of coloured paper in the
presence of TMP: (a) C.I. Acid Blue 93; (b) C.I. Acid Red 87
(Eosin Y).
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of an anisotropic four-line signal corresponding to
*DMPO-0O3, though the EPR intensity of signal
was low.

4. Conclusions

The results of EPR investigations of six triar-
ylmethane dyes (C.I. Basic Red 9 (Basic Fuchsin),
C.I. Basic Green 4 (Malachite Green Oxalate), C.I.
Basic Violet 3 (Crystal Violet), C.I. Acid Green 16,
C.I. Basic Blue 11 (Victoria Blue R), C.I. Acid
Blue 93), as well as C.I. Basic Blue 9 (Methylene
Blue) and C.I. Acid Red 87 (Eosin Y) may be
summarized as follows:

e The EPR spectra of original polycrystalline
dye samples measured at 290 K are char-
acterized by anisotropic paramagnetic sig-
nals at g.;=2.0044, which were attributed
to the peroxidic intermediates produced by
the autoxidation processes. The highest
autoxidation deterioration was observed
for dyes, which evidenced the most efficient
production of singlet oxygen. The presence
of peroxidic intermediates plays an impor-
tant role in the photochemical transforma-
tions of dyes especially under anaerobic
conditions.

e The excitation of oxygenated aqueous
solutions of C.I. Basic Green 4 (Malachite
Green Oxalate), C.1I. Basic Violet 3 (Crystal
Violet), C.I. Acid Green 16 and C.I. Basic
Blue 9 (Methylene Blue) in the presence of a
DMPO spin trap resulted in the formation
of an EPR signal corresponding to the
*DMPO-OH adduct. The photochemical
excitation of ethanolic solutions of dyes led
to the formation of reactive radical species
in both argon- or oxygen-saturated sys-
tems, which were identified by means of
DMPO and ND spin trapping agents.

e Irradiation of triarylmethane dyes in argon-
saturated DMSO solutions in the presence
of DMPO and ND initiated the generation
of various radical products evidenced as the
corresponding spin adducts. Under oxygen,
the effective electron transfer from the

photoexcited dye molecules to oxygen was
confirmed.

e The application of a selective agent for
singlet oxygen detection (TMP) brought
evidence on the efficient formation of 'O, in
the irradiated DMSO solutions of C.I.
Basic Blue 9 (Methylene Blue) and C.I.
Acid Red 87 (Eosin Y), and additionally in
the majority of triarylmethane dyes.

e The EPR experiments confirmed the effec-
tive formation of super-oxide anion radical
and singlet oxygen upon photoexcitation of
paper substrate coloured using investigated
dyes in the presence of corresponding
detection reagent (DMPO or TMP).

e The efficient protection of archival docu-
ments containing inks prepared from
triarylmethane dyes, C.I. Basic Blue 9
(Methylene Blue) and C.I. Acid Red 87
(Eosin Y) requires strict elimination of light
and oxygen.
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