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1. Introduction

ABSTRACT

Methylene Green (MG) is a cationic phenothiazine dye that can be considered as a nitro derivative of
methylene blue (MB). The photophysical and spectroscopical properties of MG were investigated in a wide
variety of solvents, including protic and aprotic ones. The absorption (74) and fluorescence (7¢) maxima,
fluorescence quantum yields and emission lifetimes were measured and correlated with the properties of the
media by using the Bakhshiev’s model and the empirical solvent parameter E}. Fairly good linear correlations
were obtained in both cases indicating the absence of specific interaction between the dye and the solvents
studied. The fluorescence quantum yields were found to be in the range 0.004—0.06. Quantum mechanical
calculations at the level of Density Functional Theory (DFT) and its Time-Dependent treatment for excited
states (TD-DFT) performed on the ground and singlet excited states of MG (and MB) allowed finding
a reasonable interpretation of the solvent effects observed on the photophysical properties of the dyes.
The triplet excited state properties of the dye were investigated by laser flash photolysis in both protic
and non-protic media. In all cases, the triplet quantum yields (91) measured for MG were very small
(<0.01). Triplet—triplet sensitization by duroquinone was required for the spectroscopic characterization
of the triplet excited state spectrum of MG and the determination of the @7 in the different media.
The triplet state shows important absorptions at 410, 488, and 865 nm. The molar absorption coefficient
at 865 nm in acetonitrile, estimated using the depletion method, is ~30,000 M~! cm™!. Comparing the
calculated values of the deactivation rate constants for the singlet excited states of MG and MB, it is
concluded that the incorporation of the nitro group in the thiazine chromophore produces a large (~30
times) decrease of the intersystem crossing rate constant. With the aid of quantum mechanical
calculations it is concluded that the intersystem crossing mechanism in both dyes differ significantly.
© 2010 Elsevier Ltd. All rights reserved.

Methylene Green or Basic Green 5 (MG, Scheme 1) is a cationic
dye that belongs to the family of phenothiazines, which can be

Phenothiazine photosensitisers have been used in photo-
antimicrobial research for nearly 80 years (see ref. [1] for review).
Methylene blue (MB) was the first synthetic dye used as an anti-
septic in clinical therapy (see ref. [2] for review). In the recent years,
it has been an increasing interest in these phenothiazines dyes
because of their potential application in multiple disciplines such as
in photodynamic therapy (PDT) [1,3—8], in the design of biosensors
[9—15], as photosensitizer of ET reactions and as photoinitiators of
the vinyl polymerization [16—22], etc.
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considered as nitro substituted derivative of MB. MG shows
a considerable solubility in polar organic media and in water [23].
This dye also shows a strong absorption band ~550—690 nm,
property that makes it potentially useful for PDT applications.
Several reports have showed that PDT (in vivo) is more effective
when red light is used as both the absorption and scattering of light
by the tissue decrease as the wavelength increases [24,25].
Despite its potential utility of MG in PDT (and other miscella-
neous applications related to cell staining and identification of
biomolecules [26,27]) no systematic studies on the photophysical
and spectroscopic properties of this dye have been reported. This
information is decisive for understanding its photophysical/photo-
chemical properties. In particular, the characterization of its excited
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Scheme 1. Methylene Green (MG) or Basic Green 5. [IUPAC Name: 7-(dimethylamino)-
N,N-dimethyl-4-nitro-3H-phenothiazin-3-iminium chloride C.I. 52020.

states is of great importance to explain (and predict) its reactivity
in energy transfer and/or electron transfer reactions, processes
typically involved in PDT.

We report herein a detailed experimental and theoretical study of
the solvent effects on the absorption, fluorescence quantum yields
and emission lifetimes of MG. The properties of the triplet excited
state of the dye were also investigated. The photophysical properties
of MG are discussed and compared, when possible, to those of MB.

2. Materials and methods

Methylene Green chloride (MG) was purchased from Aldrich.
The reported dye content of this commercial sample is ~65%. The
main impurity found was methylene blue. Four other unidentified
colored impurities are present in the commercial sample as could
be detected by TLC. Purification was achieved by flash chroma-
tography on silica gel (230—400 mesh) by successive elusions with
methanol and water/glacial acetic acid/hydrochloric acid 50/40/10
v/v, respectively. The aqueous aliquots containing the dye were
neutralized using sodium carbonate, extracted with dichloro-
methane, the organic phase concentrated under reduced pressure
and the obtained solid dye dried under vacuum over night. The
purity dye was verified by comparing the UV and fluorescence
spectra with those previously reported [28,29]. Methylene Blue
(MB) was purchased from Fluka (>95%) and used as received.

All the solvents employed were HPLC grade and used as
received. EtOH was distilled prior use. Water was purified using
a Millipore Milli-Q system. The absence of spurious emissions of the
solvents was used as purity criterion.

MG is poorly soluble in very low polarity organic media; hence,
only solvents (or mixtures) with dielectric constants in the range of
6—80 were used. Fresh solutions were prepared before all measure-
ments and the concentration of the dye was chosen to have absor-
bance less than 0.1 to avoid distortion of the emission spectra due to
the reabsorption of the emitted light. No changes in the shape of the
absorption and fluorescence spectra were observed in the 3 x 10~8—2
x 1075 mol/L concentration range. This can be taken as evidence of
the absence of dye aggregation at concentrations <2 x 10> mol/L.

UV/Vis absorption spectra were obtained using a Shimadzu
UV-2401 spectrophotometer. Steady-state fluorescence measure-
ments were made using a Fluoromax Spex Spectrofluorometer.

Fluorescence quantum yields were determined by integration of
the corrected emission spectrum using cresyl violet (¢F = 0.54 +
0.03) [30] in methanol as fluorescence standard.

Fluorescence-lifetimes were measured using an Edinburgh
Instruments OB 900 time-correlated single-photon counting fluo-
rometer. The excitation was carried-out using a diode PicoQuant
PLS600 with emission centered at 600 nm. In all cases the fluo-
rescence decay times could be fitted with a monoexponential
function, optimizing Chi square, residuals, and standard deviation
parameters.

Transient absorption measurements were performed using
a laser-flash photolysis equipment. A Spectron SL400 Nd:YAG laser
generating 532 nm laser pulses (~ 18 ns pulse width) was used for

sample excitation. The laser beam was defocused in order to cover all
the path length (10 mm) of the analyzing beam from a 150 W Xe
lamp. The detection system comprises a PTI monochromator coupled
to a Hamamatsu R666 PM tube. The signals were initially captured by
a HP54504 digitizing oscilloscope where they were averaged and
then transferred to a computer for storage and analysis.

The samples were deoxygenated by continuous bubbling of high
purity Ar. All measurements were performed at 25 4 0.5 °C.

Values of relative permittivities (e;), refraction index (n), and
empirical parameter Er (30) of pure solvents were obtained from
literature [31,32].

Density Functional Theory (DFT) Quantum calculations were done
on each molecule, the ground-state geometry was optimized both in
gas phase and acetonitrile at the B3LYP/6-311 + G(d,p) level of theory
[33—37]. Geometry optimization was followed by harmonic vibra-
tional frequencies calculations to verify the type of stationary point
located, confirming the nature of minimum by the absence of imag-
inary frequencies. The solvent was modeled by means of the integral
equation formalism polarized continuum model (IEFPCM) [38—40].

The excitation spectra were computed using time- dependent
DFT (TD-DFT) [41] The Franck-Condon (vertical) singlet-singlet
and triplet-triplet excitations energies were calculated from the
optimized geometries of Sp and Ty states, respectively. The calcu-
lations were performed using the unrestricted formalism (UB3LYP)
and the 6311 + G(d,p) basis set, suitable for open-shell systems,
using the Gaussian 03 software [42]. The wavelengths in solution
were obtained by the non-equilibrim solvation of the vertical
excited states, since the absorption takes place much faster than the
solvent reorientation [43,44]. For two relevant singlet and triplet
states of MG, the relaxed structures were obtained in addition to
the vertical excitations (see Table 2 and discussion). These relaxed
states (S}, S, T; and T,) were fully optimized in acetonitrile in the
same way as for Sg, by assuming an equilibrium solvation (i.e., the
solvent plenty repolarizes and reorganize accordingly to the self
consistent excited state electronic density).

3. Results and discussion

The absorption and emission spectra of MG were studied in
a series protic and non-protic media (and solvent mixtures). Fig. 1
shows the absorption and emission spectra of MG and MB in
acetonitrile.

Normalized intensities

+ T 1 1 1
13000 14000 15000 16000 17000 18000 19000
Wavenumber (cm'1)

Fig. 1. Normalized absorption (solid lines) and emission (dashed lines) spectra of MG
(green) and MB (blue) in acetonitrile at 298 K.
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The energies of the absorption (74) and fluorescence (V)
maxima are collected in Table 1.

Solvent effects on the Stokes’ shift data (Av = v, —7F) are
usually analyzed using models of varying degree of sophistication.
Ultimately, these models correlate the changes observed in Av with
Ap (the difference between the dipole moments of the first singlet
excited and ground states) and a theoretical or empirical solvent
parameter (S), i.e.:

AT = [(Au)z /aﬂ S+C

where a stands for the radius of the Onsager’s solvent cavity and C
is a constant that depends on the nature of the chromophore.
General solvent effects are commonly rationalized using Lippert
[45] or Bakhshiev et al. [46] models. Bakhshiev’s solvatochromic
parameter (Sg) is given by equation (1):

2 2(e—1 n?2-1\/2n%+1
SB_EFl_E(e+2_n2+2)(n2+2) (1)
where ¢ and n represent the static dielectric constant and the
refractive index of the medium, respectively. More recently, Ravi
et al. [47] proposed an alternative model that takes into account
both the specific and non-specific (general) interactions between
the fluorophore and environment [48]. Ravi’s solvatochromic
parameter (Sg) takes the form of:

11307.6 a3
Sg = ———>—BEl 2
R A,U,é T ( )
where E¥ is the normalized empirical microscopic solvent polarity
parameter [47]. In the same equation, ag(6.2A) and dug (9.0 D)
represent the solvent cavity radius and the dipole moment change
measured for the reference dye N-phenolate betaine B [49],
respectively.

It is worth to note that these models involve a large number of
approximations. Among these, it is assumed that Ay and a are
solvent independent magnitudes. It is also supposed that the dipole
moments of the vertical FC (ug) and the fully (geometry and
solvent) relaxed (ﬂ;) singlet excited states are the same (see Fig. 3).
For simplicity, the dipole moments of the relaxed (uc) and unre-
laxed (u;) ground states are considered to be identical as well.
Paradoxically, and beyond the popularity of the solvatochromic

Table 1
Absorption and fluorescence properties of MG in protic and aprotic solvents.

74 (em™) 7p(cm™') 1P (ns) P

15106 0.58 0.060

15055 0.57 0.056
14864 0.56 0.057

Solvent Ef F;

Bz/MeCN 90/10 % w/w _ 0.170 0.451 15319
Bz/MeCN 85/15 %w/w 0175 0536 15321
Bz/MeCN 80/20 % wjw 0180 0.623 15314

THF 0.207 0.548 15370 15027 0.78 0.060
Dichloromethane 0.309 0.596 15399 15083 0.60 0.060
2-butanone 0.327 0.767 15385 14903 0.55 0.033
1,2 dichloroethane 0.327 0.620 15342 14970 0.63 0.010
Acetone 0.355 0.790 15451 14925 0.51 0.043
Butyronitrile 0.364 0.782 15446 14948 0.59 0.063
Propionitrile 0.398 0.826 15439 15055 0.40 0.037
Acetonitrile 0.460 0.863 15466 14903 0.53 0.038
2-propanol 0.546 0.771 15352 14892 0.45 0.023
1-butanol 0.586 0.753 15509 15009 0.40 0.054
1-propanol 0.617 0.778 15392 14903 0.35 0.032
Ethanol 0.654 0.813 15439 14914 0.55 0.031
Ethanol /water 76 % v/v 0.708 0.868 15366 14717 0.38 0.020
Methanol 0.762 0.854 15516 14909 0.38 0.022
Ethanol /water 24% vjv.  0.880 0.903 15342 14717 0.31 0.009
Water 1.000 0.914 15342 14892 0.33 0.004

@ Estimated error +2% or +0.02 ns, whichever the greater.
b Estimated error +0.005.
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Fig. 2. Experimental 74 (@) and 7 (O ) represented as a function of the solvatochromic
parameters F; and E}.

models described above, it is well known that most fluorophores do
not fulfill these rough approximations [50].

For that reason, it is often convenient to analyze the effects of the
medium on the absorption and emission frequencies separately.
Fig. 2 shows a plot of 74 and 7r vs. F; and EY. As shown, fairly good
linear correlations are observed in both cases. This fact suggests the
lack of important specific solute-solvent interactions. Otherwise,
a considerably better correlation of experimental data with empir-
ical parameter EY should have been obtained [49,51—53]. As shown
in Fig. 2, 74 shows a slight increase with increasing F; (or E¥) while
7 follows the opposite trend. Within the theoretical framework of
solvatochromic models considered herein the medium effects on 74
and 7r can be rationalized according to [54]:

Ty~ ILLG(/*LZB_ /‘LE) S+CA (3)
B ,LL* ,LL* —,lL*
szif( ‘3 £) S+Ce (4)

Hence, the small positive slope of the 74 vs. EY plot suggests that ug
> ug, while it can be concluded that /12 > ,uz from the solvent
dependence of 7r. As shown bellow, these conclusions are sup-
ported by theoretical chemical calculations.

In Table 2, we present the predicted vertical singlet-singlet and
singlet-triplet excitation energies (E/cm~!) and the corresponding

Table 2

Theoretically predicted singlet-singlet and singlet-triplet excitation energies (E/
cm™!) with their corresponding oscillator strengths (f) and dipole moments (u)
calculated for some relevant states of MG and MB in the vacuum and acetonitrile.

MG MB
Vacuum Acetonitrile Vacuum Acetonitrile
E® lul/D E(f) lul/D E(f) lul/D E(f) |ul/D
So  (0) 49 (0) 75 - 2.1 - 3.0
S 19800 6.1 17100 7.0 20000 33 17000 3.9
(0.67) (1.09) (0.80) (1.30)
S, 22000 2.7 20800 16.2 21100 6.3 20100 5.8
(0.01) (0.09) (0.00) (0.00)
S — - 15600 17.3 - - - -
Sy — - 8000 6.6 — — — —
T, 11000 4.8 10500 8.8 11000 29 10500 4.1
T, 17050 1.8 17600 2.7 15700 64 15300 8.0
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oscillator strengths (f) calculated from the optimized geometry of
MG (and MB) in the gas phase and acetonitrile. The dipole moments
(n) of some particular states that we considered relevant for the
discussion were also calculated. Details of these quantum chemical
calculations are given in the experimental section.

According to the data on Table 2, both dyes should show
(in acetonitrile) one allowed singlet-singlet (Sy — S7) transition
~17000 cm ™! and a second much less important blue-shifted (So —
S,) absorption around 20,800—20,100 cm ™. It is worth to note that
the excitation energies computed at the TD-DFT B3LYP/6-31G level
of theory are estimated to be accurate within 2000—3000 cm’,
usually requiring a shift towards the red to reproduce experimental
spectra. [55] As shown in Fig. 1, the experimental 7, in acetonitrile
for both dyes are at ~15,400 cm™~' (see Fig. 1) indicating that the
values of the predict excitation energies are within the expected
uncertainties. Predictably, the Sy — S transitions occur at higher
energies in the gas phase. The calculated ug(Sg) and ug(S;) are
slightly larger in the polar solvent than in the gas phase. Although
drawing definitive conclusions about the effect of the medium on u
it would be necessary to perform calculations in several media of
intermediate polarity, apparently, the values of u; and ug do not
change noticeably with solvent polarity. This fact may explain the
nearly solvent independence observed for 7, (equation (3) and
Fig. 2).

Interestingly, while the dipole moments calculated for S, states
of MG in the gas phase and MB in both media are relatively
small; the corresponding value for MB in acetonitrile is >16 D.
An inspection of the MO involved in the Sy — S transitions shows
that in the first three cases that they can be considered as typical
T—7* transitions of the phenothiazine chromophore, while the
latter involves a significant degree of charge transfer (CT) from the
phenothiazine ring to the nitro group.

In Fig. 3 the electrostatic potentials of the solvated states cor-
responding to the relaxed ground (Sp), Franck-Condon (unrelaxed)
singlet excited state (Si), fully relaxed (geometry and solvent)
singlet excited state (S;) and the ground state (S;) on the fully
relaxed (geometry and solvent) singlet excited state optimized
geometry (i.e., the FC emission final state), are shown.

Asitcan be inferred from Fig. 3, S1and S] differ in their geometries
and dipole moments. The theoretical calculations indicate that
vibrational relaxation of S; is accompanied by many but small
changes in the internuclear distances and torsion angles, being the
main change observed the pronounced rotation of the nitro group.
The electrostatic potential of S’]‘ clearly indicate an important degree
of charge separation. Actually, this electrostatic potential reminds
that of S, (not shown) suggesting that, at least in polarisable media,
Sirelaxes to a CT state. In polar media, reorganization of the solvent’s
permanent dipole moments should assist charge separation during
the S HS? relaxation process. The calculated energy of S’]‘ in
acetonitrile lies ~ 15,600 cm~! above Sg. The final Franck-Condon
ground state (S;) is ~8000 cm~! on top of the relaxed ground state
So. The energy excess calculated for 56 is due to the fact that this state
maintains both the geometry and the solvent polarization of the S”;.
S} and S;, differ markedly in their dipole moments; ca. ~17.3 (uy)
and ~6.6 D (,uZ), respectively. Assuming that these p do not change
appreciably with solvent polarity, the difference, (uz — uz)= — 10D,
correctly explains the negative slopes of the plots shown in Fig. 2 and
consequently, the solvent dependence of 7r (equation (4)).

The influence of the solvent on the fluorescence lifetime (tf) and
the fluorescence quantum yields (¢r) was also investigated. The
values of 7r and ¢r are collected in Table 1. The ¢F are always small
(<0.1) and the tf are in the subnanosecond time scale in all the
media studied. The small observed fluorescence quantum yields are
typical of phenothiazines dyes [56]. Both ¢rand tr have a tendency
to decrease with increasing solvent polarity. From the values of
¢rand 15, the natural florescence rate constant: kr = ¢g/t5 and the
overall non-radiative decay rate constant: kg + k.= (1 — ¢g)/tF,
can be estimated. As shown in the following section, the triplet
quantum yield: ¢r = kijs.Tf, is always <0.01 in all the solvent
inspected. This suggests that the main route for the non-radiative
decay of the singlet excited state is an internal conversion process,
kgq. Fig. 4 shows a plot of krand kg as a function of E}. The same trend
is observed when these rate constants are plotted vs. F; indicating
again the absence of important dye/solvents specific interactions.
As shown in Fig. 4, kg is almost solvent independent while ky
increases with increasing E}.

Fig. 3. Electrostatic potential corresponding to: (a) S, (b) the Sy, (c) S’{ and (d) S, calculated in acetonitrile. Electrostatic potential colored on an isodensity surface (0.01 a.u.) from

negative (red) to positive (blue); range from 0.05 to 0.25 a.u.
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Fig. 4. Natural fluorescence rate constants (ks O) and internal conversion rate
constants (ks, @) as a function of the solvatochromic parameter E}.

The observed medium effects on the non-radiative rate constant
(kq)is typical of systems involving CT states in the emission process.
[57] This behavior has usually been explained using the energy gap
law (golden rule). As the solvent polarity increases the energy
gap between the (polar) S’; and Sg states decreases; enlarging the
vibrational coupling between the two states and consequently,
increasing ky. The same principle applies to radiative rate constant
kq. However, if uz and g do not change appreciably with solvent
polarity, kg becomes also solvent insensitive since the restrictions
imposed by the golden rule can be always avoided by emission of
a photon of the proper energy.

To the best of our knowledge, the triplet-triplet absorption
spectrum of MG has not been reported in the literature. A possible
reason for this is the apparently very low efficiency of the inter-
system crossing process (step 4, Scheme 2).

Even when concentrated solutions of MG and optimized
conditions of laser intensity (Aexc = 532 nm) were used, the absor-
bance signals recorded in the 350—910 nm wavelength range
were always less than 0.002. The absence of significant transient
absorptions was corroborated in solvents of varied properties, such
as acetonitrile, ethanol, acetone and THF. In order to characterize
the triplet excited state of MG, the technique of triplet-triplet
energy transfer sensitization was used. The sensitizer chosen for
this purpose was the DQ (Er = 24,600 cm ™' [58]). The mechanism of
the triplet-triplet sensitization process is shown in the Scheme 3.

After excitation at 355 nm DQ yields quickly and efficiently its
triplet excited state. [59] This process is almost completed after ~ 10
ns. As shown in Fig. 5, 0.3 ps (300 ns) after laser excitation the
transient spectrum shows a main absorption around ~470 nm. This
absorption is attributed to the ketone triplet excited state [59].

h
MG 532nm lyig* (1)

Lyt kg

MG —4 > MG + heat 2)

IMG* X5 MG+ v 3)

Img* Kise 23y 1% @)

3

* kd’
MG —%—> MG+ heat 5)

Scheme 2.

hV355 nm | *

DQ —> 'DQ @

Ipg* —Kise, 3pq* 0))
3DQ*+ MG —ET» poi3vGgt )
MG X > MG+ heat @)

Scheme 3.

It also apparent that the T—T energy transfer process (step 3,
Scheme 3) is already taking place, as it can be concluded from the
bleaching of the MG ground-state observed in the 550—680 nm
wavelength range. The insert in Fig. 5 shows that the decay of the
absorption at 470 nm is accompanied by the growth of a new
absorption at ~865 nm. Both processes occur with similar rates,
suggesting that the transient species absorbing at ~865 nm are
generated by the deactivation of >DQ*. After 10 ps, the DQ triplet
excited state decayed almost completely and three new absorption
bands centered ~410, 490 and 865 nm become apparent.
These new absorptions decay monoexponentialy with the same rate
constant, rate that also agree with the slow recovery of the
bleaching at ~550—680 nm. All these observations strongly suggest
that the new absorptions observed in 350—500 and 700—900
wavelength ranges correspond to the triplet excited state of MG. It
worth to note that a quite similar spectrum was reported for the
triplet state for MB [60,61].

The triplet quantum yield (@) of MG in acetonitrile was calcu-
lated using the relative actinometry method. [62] In this method,
the product ®@7er (where er represents the molar absorption coef-
ficient of the triplet state at the wavelength of analysis) is calculated
by comparing the transient absorption intensities of the sample
with that of an appropriate reference. In this study, the triplet-
triplet absorption of zinc tetraphenyl porphyrin (ZnTPP) in benzene
was used as actinometer. Values of 7.3 x 10* M~! cm~! and 0.83
were taken for er (at 470 nm) and @7 for the porphyrin, respectively
[63]. Strictly, the product ®7er for the MG was calculated using
equation (5):

slopeyc
(Prer)Mmc = m(@ﬁr)mpp (5)
0,20
0.25 . 865mm
0.20 1 015 ——470 nm
o % 0,10
0'15__ < 005 —
5]
jCD 0.10- 000 T
1 v 5 10 40
<1 0.05- time (usec)

0.00

—0—0.30us

1 1.00 ps

-0.05 1 —8—3.00 s

1 —0— 10.0 us

-0.10 4 —8—44.0 us
T T T T T T T T T T T

400 500 600 700 800 900

Wavelength (nm)

Fig. 5. Transient absorption spectra of MG 1 x 107> M in the presence of DQ 1 x 10~3
M in acetonitrile recorded at different times after the laser pulse. Inset: kinetic profiles
at 470 nm and 865 nm. Excitation wavelength: 355 nm.
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Fig. 6. Transient absorption spectrum observed at 6 ps after the laser pulse (O) and
normalized ground-state absorption spectrum (—) of MG in acetonitrile. Vertical lines
represent the MO calculated wavelengths for the T{ —T, transitions and the relative
values of oscillator strengths (f) normalized to the transition at 845 nm. The actual
values of f are (from left to right): 0.011, 0.03, 0.004, 0.065, 0.04, 0.005, 0.09, 0.021 and
0.325 (see the text for further details).

where slopeyc represent the initial slop of a plot of the triplet—triplet
absorption of MG measured at 865 nm vs. the laser energy. Similarly,
slopezqrpp is the corresponding slop of the plot obtained for ZnTPP
measured at 470 nm. The absorption of the dye and the reference
were matched at the excitation wavelength (532 nm). Finally, in
order to determine @7 using equation (5) the value of et (at 865 nm)
of the triplet-triplet absorption of the dye is required. This spectro-
scopic parameter was determined using the ground state depletion
(GSD) method [64]. To this end, the transient negative difference
absorbance at the maximum wavelength of the ground-state
absorption (AA¢) was compared with the absorption of the triplet-
triplet spectrum of the dye (AAr) (both taken 6 us after the laser
pulse) according to equation (6).

- - &

a g {

| B0 e W

/‘. ——Q\ﬂ:—-.;-’-..-.‘ \/!'\.i\"-h é‘-\
- { -
a

or = (4 )vs (6)
In equation. (6) er and &g represent the molar absorption coeffi-
cients of the triplet and ground state at their absorption wave-
length’s maximum, i.e., 865 and 647 nm, respectively. The transient
absorption spectrum and the normalized ground-state absorption
spectrum of MG in acetonitrile are shown in Fig. 6. As shown, the
negative absorption band caused by depletion of the ground-state
closely follows the ground-state absorption band of MG, revealing
the lack of formation of other photoproduct under the experi-
mental conditions used.

Applying the procedure described above and taking into account
the molar absorption coefficient (e¢) of MG at 647 nm is 52,000 M~!
cm™ !, the values obtained for MG are er ~ 30,000 M~ ! cm~! and &7
~ (0.009 £ 0.002), respectively. As it can be concluded, the triplet
quantum yield is very small. This calculated @1 contrasts with that
previously reported by Wainwright et al. [1] which was estimated
(indirectly) from the quantum yield of singlet oxygen sensitization
(®4). According to these authors, the @, value for MG is half the
value reported for MB (0.52); i.e., ~0.25 [65].

Using the experimental @f, trand @t values determined for MG in
acetonitrile, all the kinetic rate constants involved in the deactiva-
tion of the singlet excited-state of the dye can be calculated. These
values are kp= 7.0 x 107 s~ kisc = 1.7 x 10’ s ' and kg = 1.8 x 10°s~ .
On the other hand, taking into account that for MB & ~ 0.02—0.04
(in water) [66,67] and ¢ ~ 0.52 (in ethanol) [68], the deactivation
rate constants are: kp ~ 1.2 x 10857, kisc ~ 5.0 x 108 s~ and kg ~
45 x 10® s~ Hence, comparing the values of the rate constants
calculated for both dyes, it can be concluded that the presence of the
nitro group in the thiazine chromophore produces a large decrease
(~30times)in kijsc and a modest increase ( ~4 times) of rate constant
for internal conversion, k.

It is well known that the incorporation of a nitro group into an
aromatic chromophore generally leads to a remarkable decrease of
its fluorescence quantum yield [69—71]. Diverse mechanisms have
been proposed to explain the observed low emission efficiency of
most substituted nitro compounds, such as: a) the enhancement of

- s
0"
s,

—_—

3

Fig. 7. Electronic properties of the T;‘ and T; states of MB (a) and MG (b). Electrostatic potential colored from more negative (red, 0.05 a.u.) to more positive (blue, 0.25 a.u.) on a isosurface of
electronic density (isocontour value of 0.01 a.u.). The corresponding alpha spin density isosurfaces at 0.003 a.u (golden) are shown bellow each representation of the electrostatic potentials.
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the intersystem crossing quantum yield due to the presence of the
NO, group [72—74] or b) an increase in the efficiency for internal
conversion [75,76]. Unfortunately, to the best of our knowledge, no
systematic experimental studies on the excited state properties of
the nitro substituted compounds have been carried out, making
difficult the rationalization of our results, which cannot be entirely
explained by the mechanism listed above.

The electrostatic potential of the Sy, S; and T; of MG (and MG)
have similar shape. The T; state corresponds to an excitation to
a m* orbital which is practically the same (despite the broken
symmetry) in both dyes. This is due to the fact that this orbital is
nodal in the Cjys, to the nitro group in MG, with no density on the
NO; (Fig. 7). The predicted energies of the states T; for both dyes
are similar; ca. ~10500 cm™. The energy of Tf for MB has been
experimentally estimated (in polar solvents) to be ~(11500 + 100)
cm~! [77,78]. Hence, a reasonably good agreement between the
theoretical and experimental values is observed (at least) for MB.

Furthermore, the fact that the predicted excitation T;—T,
transition energies (Fig. 6) can reproduce acceptably well the triplet
spectrum of MG is a quite encouraging result concerning the accu-
racy of the calculated energies. The T; state is remarkably different
in each dye, since the nitro group stabilizes to different extent the
orbitals involved in the T;‘ HT; transition (Fig. 7) shifting the energy
of the T;' the gap being about 2300 cm ™' larger in the case of MG
(Table 2). In addition to this change in the energy pattern of the
triplets, the role of the nitro group is also reflected in the different
trend followed by the dipoles of each state (Table 2). The charge
transfer character from the nitro to the phenothiazine moiety, in
a sense reverse to the dipole of the T1* state, leads to an important
decrease of the dipole of T,. This fact has no parallel in the MB,
where the changes in the potential from T;“ to T; have different
shape and they contribute to a small increase in the polarization.

It is well establish that S’{ —>T;‘ transition can occur directly by
spin-orbit coupling of 5: to the upper vibrational level of T;‘ or via
spin-orbit coupling of S} to an upper T, state followed by fast
T, —>TT internal conversion. The S-T energy gap (golden rule) and
the electronic configurations of the initial and final states are crucial
in determining the intersystem-crossing mechanism. Assuming that
the energy of S”; of MG and MB in acetonitrile are ~15300 cm™, the
energy gap ES; - ET; is for both dyes ~4000 cm™'. However, while
for MB the estimated energy of T; is nearly isoenergetic with the
experimental S}, the corresponding value for MG lies above of S by
more than 2200 cm~ . Although this fact alone cannot fully justify
the poor efficiency of the ISC process in MG; the nonexistence of
a triplet state with similar energy to S} provides a simple explana-
tion based on the golden rule. Clearly, a systematic experimental
and theoretical study of the properties of the excited states of nitro
substituted compounds would be required to confirm this
hypothesis.

4. Conclusions

The photophysical and spectroscopical properties of MG were
investigated in protic and aprotic solvents. The dye shows very low
fluorescence (0.004—0.06) and triplet quantum yields (<0.01) in all
the solvents inspected, indicating that the singlet excited state
decays mainly via an internal conversion pathway. The solvent
effects on 7,4, 7, @F and ¢ that specific solute-solvent interactions
are not important in controlling these photophysical properties.
Comparing the values of the rate constants of the deactivation of
singlet excited states of MG and MB, it becomes apparent that the
presence of the nitro group in the phenothiazine chromophore
produces significant changes in the electronic structure of the
excited states. This interpretation is supported by quantum
mechanical calculations.
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