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1. Introduction

Phenothiazines (PH) and related derivatives are used in many
applications including medicinal chemistry [1–3], polymer chem-
istry [3], sensors, and material science [4]. The usefulness of the
PH derivatives is determined by the type and position of the
substituent, because they strongly affect their redox, photophys-
ical, and photochemical properties. The neuroleptic activity of the
PH derivatives is greatly enhanced by substitution at the hetero-
cyclic nitrogen with a propylamino chain [5]. Molecules bearing
these properties are chlorpromazine, triflupromazine, and promet-
hazine. Other molecules with similar pharmacological properties
are derivatives having a propylperazine as the nitrogen side chain
including thioridazine and trifluoperazine [5].

Tests showed that the substitution at the 2C-position apparently
affects the tumor cell activity and the length of the aliphatic side

Abbreviations: APH, 2-aminophenothiazine; BP, benzophenone; �C, �-carotene;
DFT, Density Functional Theory; Ea, anodic potential; MB, methylene blue; PH,
phenothiazines; PDT, photodynamic therapy; POPOP, 1,4-bis(5-phenyloxazole-2-
yl)benzene; SCE, saturated Calomel electrode; TCA, tricyclic antidepressants.
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versatile compounds that are used in many fields, depending on the type
on the parent molecule. The photochemical, photophysical and electro-

henothiazine derivatives have been previously reported in detail. However,
for 2-aminophenothiazine (APH), a candidate that provides for the further
introduction of specific substituents. In this work, the photophysical and
PH were measured in acetonitrile. The APH ground state absorption and flu-
are similar to the corresponding PH parent molecule. A mono-exponential
0.65 ns was determined for APH in acetonitrile. Characterization of the
photolysis transient species reveals the presence of the triplet–triplet

igh intersystem crossing quantum yield (˚T = 0.72 ± 0.07), indicating that
ctivation channel is intersystem crossing. The oxidation potential of APH
rent molecule (0.38 V vs. 0.69 V vs. Ag/AgCl(sat)). Altogether, these results

ical and photophysical properties similar to the phenothiazine parent
ity of providing an amino functionality at 2-position for further chemical

Published by Elsevier B.V.

chain at 10N contributes to the anti-tumor activity and the cytotox-
icity of the drug [6]. 2-Trifluoromethyl phenothiazine, for instance,
shows potent antitumor activity, whereas the corresponding chlo-

rine derivative has a relative weak effect [7]. Biological relevant
phenothiazine derivatives substituted at the 2C-position are also
known to induce photosensitization of the skin after systemic use
or topical applications [5]. Therefore, it is pertinent and relevant
to search for new derivatives with less side effects and to acquire
knowledge on their photophysical and photochemical properties
that depend on the 2C-substitution.

We report herein the photophysical, photochemical, and elec-
trochemical properties of 2-aminophenothiazine (APH) (Fig. 1) as
alternative to other PH. The relevance of the present study is to
provide new knowledge of this basic molecular structure, APH.
The 2-amino group provides the possibility for further chemical
modification through the amino group and also through the hete-
rocyclic 10 position, serving as a precursor for other derivatives. In
addition, quantum chemical calculations were performed to iden-
tify the electronic contributions of each atom to the corresponding
electronic transitions.

2. Experimental/materials and methods

All chemicals were purchased from Sigma–Aldrich (USA). High
quality spectrophotometric grade organic solvents were from well-

http://www.sciencedirect.com/science/journal/10106030
mailto:carmelo.garcia@upr.edu
mailto:rolando.oyola@upr.edu
dx.doi.org/10.1016/j.jphotochem.2008.02.028
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known suppliers and used without further purification. All gases
were purchased from Air Products (Humacao, PR).

2.1. Synthesis of APH

APH was synthesized using a modified method of the one
reported by Nodiff and Hausman [4]. A vigorous stream of hydro-
gen chloride gas (NaCl + H2SO4) was passed into a suspension of
0.033 mol of stannous chloride dehydrate in 10 mL of glacial acetic
acid until the suspension cleared. During this time, a solution of
0.0041 mol of 2-nitrophenothiazine, synthesized in our group, was
dissolved in 5.00 mL of glacial acetic acid and the temperature of
this solution was raised to 75 ◦C. After the suspension is added, the
temperature mixture increased to 110 ◦C and the solution changed
from red to black. Few seconds later, a white solid began to form
and the solution color turned brown. The reaction was completed
in 15 min. The reaction mixture was filtered and the filtrate was
poured onto crushed ice. The resulting precipitate was recrystal-
lized from a dichloromethane/carbon tetrachloride mixture to give
0.563 g (64%) of the solid. Mass spectrum: 214.04 (100), 182.07 (70),
154.06 (15), 107 (15). Infrared: 3404 and 3322 cm−1, primary and
heterocyclic secondary amine, respectively.

2.2. Synthesis of 2-nitrophenothiazine

A of 1:1 mixture of 2-bromo-2′-formamido-4′-nitrodiphenyl
sulfide and K2CO3 (0.040 mol), 0.0017 mol of CuCO3, and 140 mL of
p-xylene were stirred and heated until reflux [8]. A water separa-
tor was attached to the reflux condenser to collect the few drops of
water generated by this reaction. The reaction was followed by thin
layer chromatography (Silica gel, 90% hexane/10% ethyl acetate).
Once the limiting reagent reacted, the mixture was allowed to stand
at room temperature, producing a brown precipitate that was fil-
trated under vacuum and evaporating the solvent. The residue was
added to a sodium hydroxide solution and the mixture was refluxed
for 2 h, then it was filtrated and the black solid was recrystal-
lized from toluene. A violet precipitate, 2-nitrophenothiazine, was
obtained and characterized using NMR, MS, and FTIR techniques:
1H: 9.01 (s, 1H), 7.60–7.59 (d,d 1H, J = 2.40 Hz, J = 8.47 Hz), 7.46–7.45
(d, 1H, J = 2.41 Hz), 7.18–7.16 (d, 1H, J = 8.47 Hz), 7.10–7.06 (d,d,d, 1H,
J = 1.36 Hz, J = 7.64 Hz, J = 15.28 Hz), 6.99–6.94 (d,d, 1H, J = 1.20 Hz,
J = 7.67 Hz), 6.87-6.83 (d,d,d 1H, J = 1.10, J = 7.53 Hz, J = 15.01 Hz),
6.70–6.68 (d,d 1H, J = 1.00 Hz, J = 7.91 Hz). 13C: 108.0, 115.1, 115.2,

116.9, 123.2, 126.8, 127.0, 128.8, 140.6, 143.1, 147.5; MS: 244 (100%)
molecular ion (base peak), 198 (75), 171 (11), 154 (18); IR: (N H)
3341, (-NO2) 1504 and 1324.

2.3. Absorption and emission spectroscopy

Absorption spectra were taken with a HP 8453 UV–vis photodi-
ode array spectrophotometer. Luminescence was measured with a
Spex Fluorolog Tau 3.11 spectrofluorimeter with fluorescence life-
times capabilities (Spex Industries, NJ). The fluorescence quantum
yield (˚f) was obtained relative to quinine sulfate (˚f = 0.55) [9].
The excitation wavelength was 340 nm, reference and samples were
optically matched (A < 0.1) and the monochromator slits were both
set at 2.0 nm. Corrections were made for differences in the instru-
ment sensitivity as a function of wavelength and for differences in
refractive index. The frequency-response of the sample, in which
the phase-shift and modulation of the sample are measured as
a function of frequency, was obtained against a scatter solution
or POPOP (�f = 1.35 ns) for the determination of the fluorescence
lifetime [9].
otobiology A: Chemistry 198 (2008) 85–91

2.4. Nanosecond transient absorption spectroscopy

The nanosecond spectrokinetic system has been described
elsewhere [10–12]. Briefly, the 355 nm harmonic of a Nd/YAG
Continuum Surelite II Laser was used for sample excitation with
the following standard conditions: pulse duration = 5 ns, repeti-
tion rate = 10 Hz, laser irradiation area = 0.30 cm2, and maximum
fluence = 2.8 × 10−5 mmol/cm2). The laser fluence was measured
using the benzophenone triplet–triplet absorption at 520 nm in
acetonitrile. Transient absorption spectra were taken using a
1 × 1 × 4 cm flow-through cell connected to a relatively larger reser-
voir to minimize photodegradation. The kinetics at one wavelength
were determined using static samples for which no more than ten
laser pulses were averaged to avoid sample degradation. Transient
species were monitored at a right angle to the laser beam using a
300 W Xenon arc lamp (Oriel Corp.), a monochromator (Model 300,
Acton Research) and a Hamamatsu R928 five-stage dynode wired
photomultiplier tube, and 400 MHz bandwidth oscilloscope Model
9310 (Lecroy Corp.). All the spectrokinetic system was controlled
with an in house software application developed under LabView
8.0 (National Instruments, Austin, TX).

2.4.1. Determination of triplet absorption coefficient (εT)
Triplet absorption coefficients were measured in solution using

the energy transfer method [13]. Briefly, a solution of APH in CH3CN
was excited at 355 nm in the absence and in the presence of 73 �M
methylene blue cation (MB). The εAPH

T value for 3APH* was deter-
mined according to εAPH

T = (εMB
T �AAPH

T )/�AMB
T were �AAPH

T is the
triplet absorbance of APH in the absence of MB, �AMB

T is the MB
triplet absorbance following energy transfer from 3APH* donor, and
εMB

T = 14, 400 (M cm)−1 for 3MB* at 420 nm [15].

2.4.2. Quantum yields of triplet formation (˚T)
This value was obtained by the comparative actinometry

method using benzophenone triplet (3BP*) in acetonitrile as refer-
ence (˚BP

T = 1.00, εBP
T = 6500 M−1 cm−1 at 520 nm) [13]. Optically

matched samples of BP and APH were irradiated with the 355 nm
laser line in the nitrogen-saturated solvent. The triplet state
absorbance of BP at 520 nm (�AMB

T ) and of APH (�AAPH
T ) at 480 nm

were measured at different laser intensities. A plot of �AT of BP
and APH as a function of laser fluence was then used to calculate
the quantum yield of triplet formation of APH (˚APH

T ) according
to ˚APH

T = (˚BP
T εBP

T ˛APH
T )/(εAPH

T ˛BP
T ) were εT is the triplet molar
absorption coefficient of BP or APH, and ˛T is the triplet aborbance
per laser fluence (mmol/cm2) for BP or APH, respectively.

2.5. Electrochemical measurements

APH (3.0 mM) solutions for cyclic voltammetry (CV) measure-
ments were prepared in acetonitrile (dried over molecular sieves)
in the presence of 0.1 M supporting electrolyte tetra-butyl ammo-
nium per-chlorate (re-crystallized from ethyl acetate and dried for
1 h at 120 ◦C). All solutions were degassed before use to avoid reac-
tions with oxygen. The voltammograms were recorded in an EC
Epsilon Electrochemical Analyzer (BAS Inc., USA). The three elec-
trode system consisted of the glassy carbon (GC) working electrode
and a reference silver–silver chloride(sat) [Ag/AgCl(sat)] electrode
and platinum counter electrode. The reference electrode formal
potential was corroborated against ferrocene as internal standard
(0.449 V vs. SCE in acetonitrile) [14,15]. Before every scan, the work-
ing electrode was polished carefully with diamond paste, rinsed
with deionized water, placed in the sonic bath for two minutes in
a methanol/acetone mixture and rinsed once again in deionized
water. All experiments were carried out at room temperature.
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Fig. 1. Absorption (left) and emission (right) spectrum of APH in acetonitrile. Insert:
APH structure.

2.6. Theoretical calculations

Geometry pre-optimization using a combination of molecular
mechanics (MM+), molecular dynamics and quantum mechani-
cal calculations for closed shells (PM3/RHF/CI) and open shells
(PM3/UHF) were done with HyperChem 8.0 (HyperCube Inc.,

Florida). The half-electron method was used for the S1-excited
state (PM3/HE). At the semiempirical level, the optimizations
were done with the Polak-Ribiere conjugated gradient protocol
(1 × 10−5 convergence limit and 0.001 kcal/Å mol RMS-limit) [16].
Full optimization and calculations of all molecular parameters
were obtained with DFT (B3LYP/6-31G(d)) using Gaussian 03 at
the BobSCEd cluster (Earlham College Cluster Computing Group;
Richmond, IN). The spectroscopic data was obtained with CI-single
point calculations using three occupied and three virtual orbitals.

3. Results and discussion

3.1. Ground state properties

The absorption spectrum of APH in acetonitrile shows three
main peaks at 224, 256, and 322 nm with corresponding
molar absorptions extinction coefficients of (2.48 ± 0.01) × 104,
(3.59 ± 0.01) × 104 and (4.80 ± 0.01) × 103 M−1 cm−1 (Fig. 1).

The high extinction coefficients of the short wavelength tran-
sitions are indicative of their �–�* character. The peak at 322 nm

Table 1
Theoretical parameters for phenothiazine parent compound and APH

Substance State �H (kcal/mol)

Phenothiazine S0 59.7

S1 113.3
T1 96.3

APH S0 57.2

S1 117.4
T1 93.8

a Oscillator strength.
Fig. 2. Electronic transitions and corresponding orbitals of APH.

was assigned to an n–�* transition, as previously reported for the
phenothiazine derivatives [11].

To better understand the contribution of the atomic orbitals to
these electronic transitions, quantum theoretical calculations were
performed. The semi-empirical calculations predict at least two
electronic transitions for each one of the observed bands (Table 1),
in excellent agreement with the experimental data. Fig. 2 shows the
molecular orbitals involved in these transitions and corroborate
the participation of the amine n-electrons in the 322 nm transi-
tion.

In addition, the ground state of APH is not planar, showing a
dihedral angle of 153◦. This non-planarity is common to all phe-
nothiazine derivatives, and is often affected by substitution at 2C
and 3C positions [10,17,18]. It is apparent that the 2-amino substi-

� (D) Torsion angle (◦) � (nm[f])a

2.3 153 208[0.08], 234[0.02]
253[0.32], 262[108]
323[0.11], 326[0.15]

3.6 180 –
3.4 174 344[0.01], 517[0.12]

2.4 153 215[0.47], 221[0.08]
252[0.12], 266[1.02]
318[0.14], 323[0.27]

2.4 180 –
3.9 172 346[0.16], 498[0.08]
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Table 2
Photophysical and electrochemical properties of APH in acetonitrile

Property Value

ε320 (4.80 ± 0.01) × 103 (M cm)−1

˚f <0.01
�f 0.65 ns
kf 1.5 × 107 s−1

kic 3.9 × 108 s−1

εT (1.4 ± 0.2) × 104 (M cm)−1

˚T 0.72 ± 0.07
kisc 1.1 × 109 s−1

k0 (8.1 ± 0.9) × 104 s−1

ksq (5.9 ± 0.2) × 108 M−1 s−1

Eox vs. Ag/AgCl 0.38 V

tution, in this case, does not change the ground state conformation
of APH relative to PH.

3.2. Excited singlet state properties

APH shows a broad fluorescence emission spectrum with maxi-
mum at 450 nm (Fig. 1). A ˚f value lower than 0.01 was determined

against quinine sulfate. This low ˚f value is common to PH deriva-
tives [10]. A singlet energy of 75 kcal/mol was calculated from the
crossing point of the excitation and emission spectra. This value
is similar to phenothiazine parent compound (77 kcal/mol) [19]. A
singlet fluorescence lifetime 0.65 ± 0.08 ns was measured for air-
saturated acetonitrile APH solution (Table 2).

This fluorescence lifetime is similar to that of the correspond-
ing phenothiazine parent molecule in acetonitrile (�f = 0.84 ns) [20].
These results show that, for APH, emission is not a major deacti-
vation pathway, similar to other phenothiazine derivatives [10]. A
plausible major deactivation mechanism should then be intersys-
tem crossing and to verify this, laser flash photolysis studies were
performed.

3.3. Nanosecond laser flash photolysis

3.3.1. Transient absorption spectra
The 355 nm laser induced transient absorption spectrum of a

nitrogen-saturated acetonitrile APH solution is shown in Fig. 3. Two
absorption bands with maxima at 380 and around 480–500 nm are
observed.

Fig. 3. Flash photolysis transient absorption spectrum of 0.25 mM APH recorded in
nitrogen-saturated solution at 500 ns after the laser pulse. Inset: decay time profile
at 480 nm (top left) and the observed 3APH* decay first order rate constant (kobs) at
480 nm against APH ground state concentration (top right).
otobiology A: Chemistry 198 (2008) 85–91

The kinetic decays at both wavelengths are similar and are best
described by first order fits with lifetime of 3.5 ± 0.3 �s. To char-
acterize the short-lived intermediates, the transient absorption
spectra were measured in air-saturated acetonitrile solution main-
taining all other experimental parameters constant. Under these
conditions, the dissolved oxygen greatly enhances the decay rate
constant (1/k ≈ 35 ns). Based on the effect of oxygen upon the rate
constant, the transient species is assigned to the triplet state of
APH (3APH*). To verify this assignment, a flash photolysis tran-
sient absorption spectrum was recorded for a solution containing
0.80 mM APH and 40 �M �-carotene (�C). �C is commonly used
to evaluate the presence of triplets due to its low triplet energy
(ET = 21 kcal/mol) [13]. The results showed that, indeed, �C effi-
ciently quenches the 3APH*, as demonstrated by the formation of
its characteristic 3�C* absorption band at 510 nm immediately after
the laser pulse.

Theoretical calculations were performed to better understand
the APH triplet excited state conformation. DFT calculations pre-
dict only one stable conformation for the 3APH* (Table 1). It has a
torsion angle of 172◦, which makes it more planar than the ground
state. This is also consistent with other PH derivatives, which also
have more planar excited states [11]. The PM3 calculations predict
triplet–triplet bands at 346 and 498 nm, all with relative low molar
absorption coefficient. The agreement with the experimental val-
ues is good, although, these theoretical excited state calculations
suffer from large spin contamination.

The effect of high intensity laser pulses in the transient absorp-
tion spectra was evaluated using fluences higher than 10 mJ/pulse
in sodium dodecyl sulfate aqueous solution. At these higher laser
intensities, new bands in the transient absorption spectra were
observed. These bands were attributed to a laser-induced pho-
toionization process due to the presence of the solvated electron
absorption in the visible region (broad band between 400 and
750 nm) under nitrogen-saturated solution, and secondary radi-
cals with absorption maximum at 600 nm. Therefore, in order to
minimized nonlinear photon processes, all other experiments were
performed at low laser intensity (E < 5 mJ/pulse).

The effect of the APH ground state concentration on the
3APH* decay rate constant in acetonitrile was studied using the
Stern–Volmer relationship. The observed first-order rate con-
stants (kobs) obtained from the decay of 3APH* are plotted as
a function of the ground state concentration. This relationship
should follow a straight line according to the following equa-
tion: kobs = k0 + ksq [APH], where k0 and ksq represent the decay

rate of 3APH* at the infinitely diluted concentration and the self-
quenching rate constant, respectively. The ksq determined was
(5.9 ± 0.2) × 108 M−1 s−1 (Fig. 3). The magnitude of ksq for 3APH*

is similar to other PH derivatives [10,15,21]. The k0 determined was
(8.1 ± 0.9) × 104 s−1 (�0 = 1/k0 ≈ 12.5 �s), which is also similar to the
value of the PH parent molecule.

3.3.2. Characterization of the excited triplet state
To determine the APH intersystem crossing quantum yield (˚T),

its triplet molar absorption coefficient is required. Fig. 4A shows
the transient absorption spectrum of a 0.38 mM nitrogen-saturated
acetonitrile solution of APH containing 73 �M MB.

Under these conditions, more than 90% of the laser light is
absorbed by APH. The spectrum at 100 ns after the laser pulse shows
bands with maxima at 420 and 510 nm. The spectra at subsequent
times show an intensity decrease and a red shift of the 510 nm
band with a concomitant increase of the absorption at 420 nm. The
spectrum at 8 �s, when 3APH* has decayed completely, shows a
maximum at 420 and 525 nm. This spectrum is in excellent agree-
ment with the photosensitized triplet–triplet absorption spectrum
of MB by benzophenone in acetonitrile reported by Jockusch et al.
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Fig. 4. (A) Flash photolysis transient absorption spectra of a nitrogen-saturated ace-
tonitrile solution of 0.38 mM APH and 73 �M MB at (�) 100 ns, (©) 600 ns, (�) 1.7 �s,
and (�) 8 �s after the laser pulse. (B) Time profile decays response at 420 nm and
480 nm, and (C) Stern–Volmer analysis for the 3APH* + MB energy transfer processes.

[22]. In addition, the decay lifetime of 0.63 �s at 480 nm matches
very well with the kinetic growth at 420 nm (Fig. 4B). Moreover,
the photosensitized 3MB* decays with a lifetime of 31 �s, is also in
good agreement with the reported value of 35 �s [22]. Based on all
these results, we propose that the 355 nm laser excitation of APH
results in an energy transfer process from 3APH* to MB, producing
3MB*. The quenching rate constant for this process (kq) was deter-
mined by measuring the decay rate constant at 480 nm (kobs) as a
function of the MB concentration and using the Stern–Volmer anal-
ysis (kobs = k0 + kq [MB]). At this wavelength, MB shows almost no

Fig. 6. Lower panel: transient absorption spectra of a nitrogen-saturated solution contain
from left to right: transient absorption decay profiles at 415, 520, 555, and 600 nm.
Fig. 5. Power dependance of the triplet–triplet absorption of (�) APH and (©) BP.
absorption, while 3APH* is close to its maximum. A diffusion con-
trolled quenching rate constant of (1.31 ± 0.07) × 1010 M−1 s−1 was
determined (Fig. 4C). This rate constant is 1.6 times higher than that
for the couple of 3BP* and MB (kq = 8.5 × 109 M−1 s−1) [22]. Because
an energy transfer processes occurs, the APH triplet molar absorp-
tion coefficient was determined from the kinetic growth of 3MB*

and the 3APH* decay as described in Section 2.4.1. The εT for 3APH*

was determined to be (1.4 ± 0.2) × 104 M−1 cm−1.
The ˚T was determined using the comparative method as

described in 2.4.2. Fig. 5 shows the 3APH* and 3BP* transient
absorbance at the end of the laser pulse as a function of laser flu-
ence.

From the slopes of each plot, the ˚APH
T in acetonitrile was

determined to be 0.72 ± 0.07. This value is in agreement with the
observed low fluorescence quantum yield. Therefore, the main
deactivation channel for the APH excited singlet state is, in fact,
intersystem crossing. These results are consistent with the reported
high ˚T values of other PH derivatives [23].

ing 35 mM BP and 0.10 mM APH at (�) 50 ns and (�) 1.7 �s after the laser pulse. Top
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It is well documented that amines quench the ketones triplet
excited state [22]. The quenching mechanism may involve either an
energy transfer, electron transfer, or hydrogen transfer mechanism.
Whatever process takes place, depends on the amine–ketone pair
and on the solvent [22]. Since APH has an amino group, it might
be able to quench the BP triplet state. Therefore, we measured the
transient absorption spectra of BP in the presence of APH, under the
conditions that most of the 355 nm light is absorbed by BP. Fig. 6
shows the transient absorption spectra of BP in the presence of APH
in nitrogen-saturated acetonitrile solution.

At 50 ns after the laser pulse it is clearly seen the 3BP* absorption
band with maximum at 520 nm, and two smaller broad bands with
maxima at 430 and 600 nm, respectively. The transient absorption
spectrum at 1.7 �s after the laser pulse consists of three bands with
maxima at 420, 545, and 600 nm. The transient absorption decay
profiles at different wavelengths are also shown in Fig. 6. It is clearly
seen that the signal at 415 and 555 nm grows with time. The 415 and
555 nm bands are attributed to an aminyl radical, centered at the
10-position heterocyclic nitrogen, and BP ketyl radical, respectively,
indicative of a hydrogen transfer processes. The hydrogen atom at
10 position (heterocyclic nitrogen) has a lower pKa than that of the
amine group. Thus, it is expected that the aminyl radical correspond
to the heterocyclic nitrogen.

3.4. Electrochemical studies
The cyclic voltammogram of APH (3 mM)/0.1 M TBAP in acetoni-
trile is depicted in Fig. 7. Upon scanning towards positive potentials,
three well defined oxidation waves were observed between 0.34
and 1.0 V vs. Ag/AgCl(sat).

More negative the ability to donate electrons increases with
decreasing positive anodic potential (Ea), therefore, based on
the potential of the first oxidation, APH (Ea(APH) = 0.380 V vs.
Ag/AgCl(sat)) has a relative higher oxidation ability than the par-
ent hydrocarbon phenothiazine in acetonitrile (Ea(PH) = 0.697 V
vs. Ag/AgCl(sat)) measured under identical conditions. Com-
parison with other 2-PH was not possible since to our best
knowledge, the oxidation potentials for phenothiazine deriva-
tives substituted at position 2 have not been reported in
acetonitrile. Therefore, we proceeded to measure the oxidation
potentials in acetonitrile of a series of 2-substituted PH deriva-
tives synthesized in our group. The following trend of decreasing
oxidation ability was obtained: APH (0.380 V) > phenothiazine
(0.697 V) > 2-chlorphenothiazine (0.730 V) > 2-nitrophenothiazine
(0.902 V). These results indicate that the stability of the first oxi-
dation product of a given phenothiazine derivative depends on the

Fig. 7. Cyclic voltammogram of 3.0 mM APH on a glassy carbon electrode in acetoni-
trile containing 0.1 M TBAP at a scan rate of 100 mV/s.
otobiology A: Chemistry 198 (2008) 85–91

effect of the ortho, para or meta directing capacity that the sub-
stituents in the tricyclic moiety have on the oxidation potentials
of a specific phenothiazine derivative. This in turn is related to
the Hammett’s substituent constants, which associate the reaction
rates with the electron-withdrawing ability of the substituent [24].
Consequently, the stability of the first oxidation product of the phe-
nothiazines depends on the electron-withdrawing ability of the
substituent. Some authors have stated that the nitrogen atom in
the phenothiazine cation radical is a center of the strongest Lewis
acidity and that this property probably leads to strong coordinating
interactions of the solvent molecules [25].

Further electrochemical characterization of the voltammogram
of APH shows that the following oxidations present peak distortions
due to the adsorption of the oxidized products on the electrode
surface. This was corroborated with scan rate variations and mul-
tiple cycles. Therefore, further irreversible oxidations of APH can
be attributed to short-lived intermediates that react, after oxida-
tion of the cation radical. A similar electrochemical behavior has
been observed with the oxidized phenothizine parent compound,
which after oxidizing to the cation radical undergoes deprotona-
tion, dimerization, and/or further oxidation [26]. Furthermore, the
electrochemical irreversibility of some phenothiazine derivatives
has been attributed to chemical reaction with trace water or with
the solvent, acetonitrile [27]. It has also been established that the
phenothiazine cation radical in aprotic media is in equilibrium
with the protonated and deprotonated radicals and the oxidation
reversibility increases in acidic conditions [28]. Therefore, the sta-
bility of the oxidation product of a given phenothiazine derivative
depends on the solution conditions (i.e. solvent, pH), leading either
to disproportionation to form a radical dication and the original
phenothiazine or to an additional electrochemical oxidation to form
a dication radical.

Phenothiazines could participate in photoinduced electron
transfer processes. The driving force for photoinduced electron
transfer (�Get) can be estimated according to Rehm and Weller
[29],

�Get = 23.06

[
Eox(D) − Ered(A) −

(
e2

εa

)]
− E00 (1)

where �Get is the free energy for electron transfer in kcal/mol,
Eox(D) is the oxidation potential of the donor (0.38 V for APH),
Ered(A) is the reduction potential of the acceptor, E00 (60.4 kcal/mol)
[19] is the excitation energy of the donor and the (e2/εa) is the sol-

vent dependent Coulomb term, which is frequently neglected in
polar solvents such as acetonitrile (0.5 eV). It is interesting to note
that for APH as donor and any acceptor with Ered more negative
than approximately −2.20 V leads to an exergonic electron transfer
processes in the presence of 3APH. On the other hand, the photo
oxidation of APH excited singlet state will be exergonic with any
electron acceptor with Ered more negative than −2.87 V.

4. Conclusions

The photochemical and photophysical properties of 2-
aminophenothiazine were determined in acetonitrile. A low
fluorescence emission yield is correlated to a high triplet quantum
yield formation. The lower oxidation potential for APH relative to
phenothiazine parent compound could increase the efficiency of
electron transfer processes. A property that can be exploited in
the area of material science. A ˚T of 0.72 ± 0.07 indicates that this
molecule can be a potential photosensitizer for light inactivation
of viruses and bacteria or in PDT. Finally, the amino substitution
will serve as a precursor for the synthesis of other phenothiazine
derivatives with substitution at two position.



nd Ph

[

[

[

Oxford University Press, New York, USA, 1993.
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