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The molecular structure and the photophysical properties of pyrromethene-BF, (PM) dyes are
studied with the aim of finding the best structural and environmental conditions which optimize
the laser performance of these dyes. To this end, UV—Vis absorption and fluorescence spectra
and fluorescence decay curves of several PM dyes are registered in a multitude of solvents with
different physicochemical properties and in polymeric solid matrices. Quantum mechanical
calculations at different levels are also applied in order to explain the photophysical behaviour
of these dyes. The studied pyrromethenes incorporate alkyl (methyl, ethyl and ferz-butyl),
sulfonate, cyano, and acetoxy- and methacryloyloxy-polymethylene groups in different
positions of the chromophore. In the last case, the presence of the polymerizable acryloyl
group facilitates the covalent linkage of the chromophore to a polymeric chain, of special
technological interest in the development of tunable dye lasers in the solid state. From the
experimental results and the theoretical calculations, we discuss different mechanisms of
internal conversion for PM dyes, such as the loss in the planarity of the chromophore, the
electron flow through the delocalized m-system, the vibrational coupling and the formation
of an intramolecular charge transfer state. The present work demonstrates the good correlation
between the photophysical and the lasing properties of PM dyes with different structural
(substituents) and environmental (solvents and polymers) conditions.
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1. Introduction

The study of the photophysics of organic dyes has received great technological interest
because of their use as the active media in tunable lasers and in the development of
photoelectronic devices [1-6]. Moreover, laser dyes have wide applications not only
in photonics, but also as fluorescent probes, as molecular sensors, in light harvesting
arrays and in information storage, among other uses [7-10]. Therefore the study of
the photophysical properties of laser dyes is an important tool for the improvement
of their photonic, photoelectronic and photosensor applications.

There are several commercially available laser-dye families covering the spectral
region from UV to near-IR [11, 12]. They can be pumped with a wide variety of
excitation sources, can emit in pulsed and continuous-wave forms and, owing to
their wide gain band, can supply ultrashort pulses in the femtosecond timescale and
can be tuned over a certain spectral range. These properties provide special applications
of dye lasers in different fields, such as spectroscopy, optics, medicine, telecommunica-
tions, etc. [13, 14]. A chromophoric system must fulfil certain characteristics to be
considered a laser dye:

e Strong absorption bands, enhancing the population inversion during the
pumping process.

e Low probability of non-radiative deactivation processes from the emissive
excited state, reducing the losses in the resonator cavity. The intersystem cross-
ing probability is of special interest, since it can quench the emission from the
fluorescent excited state and mainly populates the long-lifetime lowest triplet
state (T;). The triplet—triplet (T-T) absorption band, which can overlap with
the lasing gain band, and the accumulation of molecules in the T; state, can
strongly reduce the lasing efficiency [15].

o Large Stokes shifts and low tendency of the dye to self-aggregate. In order to
guarantee high efficiency in the pumping process, the active media of
tunable lasers require high optical density samples. In these conditions, the
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dye aggregation can reduce the gain of the laser signal, since aggregates do not
usually emit and are efficient quenchers of the fluorescence emission of mono-
mers [16]. Moreover, the overlap between the absorption and fluorescence
bands (governed by the Stokes shift) can increase the losses in the resonator
cavity by the inner filter (i.e. the reabsorption effects) [17, 18].

e High thermo- and photostability of the dye, enhancing the operative time of the
active media.

The scientific community is interested in the development of new active media for
tunable lasers. Special efforts are oriented to improve the efficiency and the operative
time of laser dyes. The synthesis of new active media can be focused in different
ways [1]:

e The modification of the molecular structure of the chromophore system with
adequate substituents to ameliorate the photophysical and lasing characteristics
of well-known laser dyes [19].

e The incorporation of the dyes in host materials. Usually, the active media are
liquid solutions of the dye; however, the introduction of the dye in solid
matrices could design dye lasers in the solid state [20-24]. The development
of solid state tunable lasers would imply important technological advantages
with respect to the present commercial dye lasers, such as better manageability,
versatility and miniaturization of the laser experimental set up, besides the lack
of toxic and flammable solvents [25]. The most-used solid host matrices for laser
dyes are organic polymers and sol-gel inorganic crystals. Organic polymers
provide good optical homogeneity and excellent compatibility with the organic
dye, for instance, the structure and chemical composition of the host materials
can be easily modified to accommodate the organic guest molecules [21, 23].
The development of the sol-gel technique at room temperature has allowed
the incorporation of organic dyes in inorganic matrices, leading to guest—host
materials with good thermal properties and high radiation damage
threshold [26].

e The synthesis of new dye families. In this sense, Boyer and coworkers synthe-
sized new laser dyes, called boron-dipyrromethenes or pyrromethene-BF,
complexes (PM), by the fluoroboration of two pyrrole units linked by a methy-
lene group [27, 28]. These dyes present strong absorption and fluorescence
bands in the green—red part of the visible region, giving rise to high florescence
quantum yields and lasing efficiencies [29—37]. Moreover, due to their low prob-
ability of T-T absorption (estimated to be one-fifth of that of rhodamines), they
provide better lasing performance than rhodamines, the most-used dyes as
active media in tunable lasers [38, 39]. On the other hand, PM dyes generally
present higher photostability than rhodamine dyes [40—42].

While the laser characteristics of PM dyes have been profoundly studied in the
last few years [22, 24, 43, 44], their photophysical properties have not been so exten-
sively studied. The aim of this work is to summarize the photophysical information
of PM dyes as well as to analyse the influence of several structural and environmental
factors on their photophysics. This knowledge is essential to predict the best conditions



16: 18 21 January 2011

Downl oaded At:

342 F. Lopez Arbeloa et al.

to optimize the lasing efficiency of these dyes, since a satisfactory correlation between
the photophysical properties (fluorescence wavelength and quantum yield) and
lasing characteristics (laser wavelength and efficiency) has been established [45, 46].
Moreover, the understanding of the photophysical behaviour of PM dyes should be
of interest in the design of new molecular sensors and fluorescent probes.

The photophysical properties of PMs are now overviewed, where several factors,
such as the type and the position of the substituents, the nature of the solvent and
the incorporation in polymeric solid matrices (both as dopant or covalently bound to
the polymeric chain), are discussed. These photophysical properties are correlated
with their laser characteristics, recorded by the Costela and Garcia research group
[21, 23, 24]. Different commercial PM dyes (scheme 1) have been studied in several sol-
vents, including apolar, polar/aprotic and polar/protic media. The photophysics of
PM567 dye (R;=C,Hs and R,=CHs3), probably the most-used PM dye, is also
analysed in polymethyl methacrylate (PMMA) matrices with different cross-linking
agents [47]. On the other hand, analogues of the PM567 dye, with a polymerizable
methacryloyloxy end group, have been used in order to covalently incorporate PM
dyes to polymeric chains [48, 49].

The experimental results are discussed on the basis of theoretical quantum mechan-
ical calculations. For this purpose, several calculation methods at the semiempirical,
ab initio and the density functional theory (DFT) levels have been applied. The theoret-
ical calculations are oriented to provide the optimized geometry, the electronic density
distribution and the absorption and fluorescence characteristics of the dye in the gas
phase and in solution, considering different models of solvation.

2. Methodology

2.1. Dyes

All the studied 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene dyes presented methyl groups
at the 1, 3, 5 and 7 positions and differ in the substitution at the 2, 6 and 8§
positions. The commercial PM dyes (supplied by Exciton, laser grade) had alkyl
groups: methyl (PM546) at the 8 position, ethyl (PM567), tert-butyl (PM597) or
sulfonate (PM556) groups at the 2 and 6 positions, and acetoxymethylene (PM605) or
cyano (PM650) group at the 8 position (see the molecular structures in scheme 1).
With the aim of covalently binding the chromophore to the polymeric chain, a series
of analogues of the PM567 was synthesized by Amat and cowokers [48] by the

Dye R, R,

PM546 H CHy

PM556 SO3 Na* CH,

PM567 C,H; CH,

PM597 C(CHy); CH,

PM605 C,H; CH,0COCH;
PM650 CH, CN

Scheme 1. Molecular structures of commercial PM dyes.
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introduction of a polymerizable methacryloyloxy group at the 8 position separated
from the chromophore by a polymethylene chain with different lengths (PXMA with
X =1, 3,5, 10 or 15, scheme 2). In order to understand the influence of the linking
chain in the photophysics of the PM chromophore, the corresponding analogues
with an acetoxy group (PXAc) were also previously obtained (scheme 2) [48].

A phenyl group was also included in position 8 as a spacer between the methacryloy-
loxy or acetoxy groups (PArXMA and PArXAc) and the chromophore (scheme 2) [49].
The phenyl group is para-substituted by a chain with one or three methylene units. The
double linkage was also considered through the 2 and 6 positions, where the two metha-
cryloyloxy groups with three methylene units, and their corresponding acetoxy models,
have been incorporated (scheme 2).

The photophysical properties of the commercial PMs and the aromatic PArlAc
analogue are studied in a wide variety of solvents, taking into account apolar (hydro-
carbons), polar (ethers, ketones, esters, amides, . ..) and polar/protic (alcohols) media.
All the solvents were of spectroscopic grade (Merck, Fluka or Aldrich) and employed
without further purification. The photophysics of the rest of the PM analogues were
registered in six representative solvents from apolar (c-hexane) to polar (acetone and
ethyl acetate) and protic (ethanol, methanol and trifluoroethanol) media.

The intrinsic photophysical properties of PM dyes were registered in diluted solutions
(2 x 107 M) using a 1 cm optical pathway quartz cuvette. The solutions in the different
solvents were prepared by taking the appropriate volume of a concentrated stock
solution of each dye in acetone and, after vacuum evaporation of the acetone,
adding the corresponding solvent.

The acetoxy analogues were incorporated by Sastre er al. [48, 49] in poly-
methyl methacrylate (PXAc/PMMA) as dopants and the analogues with a polymeriz-
able group were copolymerized with methyl methacrylate (PXMA-MMA). PM567
was also incorporated in copolymers of MMA and different cross-linking

LOCOR
Linear R Y = (CH)X
PXAc CH; X=1,3,5,10,15
PXMA C(CH3)=CH, X=1,3,,10,15
Aromatic R Y= _© (CH)X

PArXAc CH; X=13
PArXMA C(CH3)=CH, X=13

P3Ac2: R=CH;4
P3MA2: R = C(CH3)=CH,

Scheme 2. Molecular structures of polymerizable (PXMA and PArXMA) and acetoxy (PXAc and PArXAc)
analogues [48, 49] of PM567 dye.
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comonomers [47]. Disks of 10 mm diameter and 0.2mm thickness for the analogues
and 0.5mm for PM567 were manufactured for solid-sample measurements [47-49].
The dye concentration was 1.5x 107> M and in some cases was decreased to
0.6 x 1072 (P15Ac and P15MA) and 0.45 x 10> M (P1Ac and PIMA).

2.2. Instrumental

UV-Vis absorption and fluorescence (after excitation at the vibronic shoulder of the
main absorption band) spectra were recorded on a Varian model CARY 4E spectro-
photometer and a Shimadzu RF-5000 spectrofluorimeter, respectively. From the area
under the absorption band, the oscillator strength (f) was obtained by means of:

P 4.39 >; 109/8(v)dv 0

where &(v) is the molar absorption coefficient at any wavenumber (v incm™") and # is
the refractive index of the solvent. Fluorescence spectra were corrected from the wave-
length dependence on the monochromator transmission and on the photomultiplier
sensibility. The fluorescence quantum yield (¢) was obtained using a diluted solution
of rhodamine 110 in ethanol as reference (¢ =0.99 at 20°C) [50]. The ¢ value was deter-
mined from the area under the emission band (A4y) and the intensity of the absorbed
light at the excitation wavelength (Z,,(Aexe)) of both the sample and the reference
(superscript r) by means of:

e (07 15 (rexc) An

¢=9¢ (11")2 Lip(hexc) Af]

2

where the effect of the refraction index (n) of the solvent was taken into account. In the
polymeric samples, the reference was a solid disk of PM 567 in a copolymer of trifluoro-
methyl methacrylate (30%) and MMA (70%) (¢ =0.64) [S1].

Radiative deactivation curves were recorded by means of the time-correlated single-
photon counting technique with a time resolution of nanoseconds (Edinburgh
Instruments model, nF900) and picoseconds (Edinburgh Instruments, model FL920).
Emission was monitored at the fluorescence maximum after excitation by means of
a hydrogen flash lamp with 1.5ns FWHM pulses and 40 kHz repetition rate (in the
nF900 model) or after excitation by diode lasers of 375nm, 410nm or 440nm
(PicoQuant models LDH375, LDH410 and LDH440) with around 150 ps FWHM
and 10 MHz repetition rate (in the FL920 model). The measured fluorescence decay
curves were deconvoluted from the pulse signal (registered by a Ludox suspension)
by means of an iterative method of non-linear least squares based on the Marquardt
algorithm. The decay curves were adjusted to a sum of exponentials by means of:

In(1) = 4, exp(?) + A4 exp(Z) + . (3)
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where A; are the pre-exponential factors related to the statistical weight of each
exponential and t; are the lifetimes of each exponential decay. The goodness of the
deconvolution process was controlled by the chi-squared (x?) and Durbin-Watson
(DW) statistical parameters and the distribution of the residuals.

For high optical density samples (concentrated solutions and polymeric samples) the
front-face (reflection) configuration was used to record the fluorescence signal, orien-
tating the sample to 35° and 55° with respect to the excitation beam and emission
arm, respectively. In concentrated solutions (up to 2 x 107> M) cuvettes of short optical
pathways (0.1, 0.01 and 0.001 cm) were employed.

The rate constants of radiative (kp) and non-radiative (k) deactivation pathways
were calculated by means of: kg=¢/t and k, =(1 —¢)/r. All measurements were
carried out in aerated samples. The temperature of the samples was controlled by an
external flow of thermostatized water.

2.3. Computational

Quantum mechanical calculations were performed at the semiempirical, ab initio and
density functional theory (DFT) [52] levels. The ground state geometry obtained at
the DFT level (implemented in the Gaussian 03 software) [53] was calculated with
the B3LYP [54, 55] method and the 6-31G basis set (adding polarization and diffuse
functions in some cases) and the default options for convergence. In the semiempirical
calculations, the AM1 [56] and PMS5 methods (incorporated in the MOPAC 2002
software) [57] were employed, imposing the minimum gradient for convergence
at 0.01 kcalmol™" A~ and using the eigenvector-following routine. The first excited
singlet state geometry was obtained with the ab initio Configuration Interaction
Singles (CIS) [58] and semiempirical Configuration Interaction Singles and Doubles
(CISD/AM1) methods (considering eight molecular orbitals in the active space).
In all cases, no geometrical restrictions were imposed during the optimization proce-
dure and a geometry was considered as optimized when the analysis of the vibrational
frequencies did not give any negative value.

The absorption characteristics (energy gap AFE,, and oscillator strength f) were
calculated by means of the transition from the optimized ground state to the
Franck—Condon excited states (So— Si,S,,...), while the fluorescence properties
(energy gap AFEy and radiative deactivation rate kq) were calculated for the transition
from the first optimized excited state to the Franck—Condon ground state (S; — Sy).
The kg value was obtained from the corresponding S;— S, oscillator strength by
means of:

27vre?

4)

kﬂ = ASI—>S() = 3
oML

where A is the Einstein spontaneous emission coefficient; v is the calculated emission
wavenumber; ¢ and m, are the electron charge and mass, respectively; ¢ is the
light speed and g, is the vacuum dielectric constant. The spectral characteristics are
determined by the time dependent (TD-DFT) [59] and the semiempirical
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Zerner’s Intermediate Neglect of Differential Overlap (ZINDO) [60] and CISD/AMI1
methods.

The solvent effect was also considered in the geometry optimization, charge distribu-
tion and spectral characteristics by means of the semiempirical Conductor-like
Screening Model (COSMO) [61] together with the PMS5 level, and the Self-Consistent
Reaction Field (SCRF) together with the B3LYP method. The considered solvents
are c-hexane (dielectric constant ¢ =2.0) as apolar, acetone (¢ =20.7) as polar and
methanol (¢ =32.7) as polar/protic. In the SCRF model, the solvent was simulated
by the Polarizable Continuum Model (PCM) [62] theory. The optimization with the
COSMO model was carried out considering a cavity radius of 5.65 A, obtained from
volume calculations at the BALYP/6-31G level for PM567 dye, and a solvent radius
of 3.50 A for c-hexane, 3.07 A for acetone and 2.52 A for methanol [57].

3. Results and discussion

3.1. Preliminary considerations. Molecular structure

The basic structure of PM dyes consists of two pyrrole units linked by a methylene and
a BF, group, providing rigidity to the chromophore system (scheme 1). Indeed, quan-
tum mechanical calculations recognize the C,, point symmetry group for the optimized
geometry of the PM chromophore, without any substituents, in the ground state. These
results indicate a planar structure for the chromophore, which would provide strong
absorption and fluorescence bands for PM dyes. The validity of the theoretical
calculations is confirmed by X-ray diffraction data [63], since the geometrical
parameters (bond lengths, angles and dihedral angles), experimentally obtained from
the simplest commercially available PM dye (PM546, R, = CHj;, scheme 1), are very
similar to those theoretically proposed by the DFT B3LYP method, with deviations
not longer than 1.5% in bond lengths and 2° in bond angles [64]. Semiempirical
calculations, although not so accurate, also adequately describe the geometry of the
ground state.

PM dyes are neutral molecules, but with a zwitterionic structure in which a positive
charge is delocalized through the electronic m-system. Quantum mechanical calcula-
tions localize the negative electronic density of the PM chromophore mainly in the F
atoms and, to a lower extent, in the N atoms (figure 1). The B atom is tetracoordinated,
so a net negative charge centred in this atom should be expected. However, theoretical
results suggest a net positive charge in the B atom, which can be assigned to the high
electronegativity of the F and N atoms directly linked to the B atom. As a result of
the electronic charge delocalization through the conjugated m-system, PM dyes can
be defined as cyclic polymethine- or cyanine-like structures [7, 12]. In fact, an alterna-
tive (positive and negative) charge distribution and the equalization of the C—C bond
length through the delocalized m-system are observed. This last factor can be evaluated
by the bond length alternation (BLA) [65] parameter defined as:

BLA = Lc_c — Le_c ®)
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nan " nen g

Figure 1. Contour maps of the electronic density of the HOMO and LUMO orbitals calculated by the
B3LYP/6-31G method, including the Chelpg point charges and the dipole moment of PM546. The resonance
structures are also enclosed.

where Lc_ ¢ and Lc_c are, respectively, the average bond length of alternative single
and double bonds in the conjugated z-system. The chromophore can be described by
the resonance structures (and their symmetrical counterparts) included in figure 1.
Two extreme resonance structures can be considered: the structures ‘a’, where the posi-
tive charge is localized at the N atoms; and the structure ‘d’, where the localization of
the positive charge at the central C atom provides a higher charge separation along the
short molecular axis.

From the electronic distribution proposed by quantum mechanical calculations, the
molecular dipole moment can be evaluated. The dipole moment of PM dyes is oriented
along the short molecular axis because of C», symmetry reasons. The relatively small
dipole moment of PM dyes with respect to other dyes (theoretically predicted to be
around 3D) should be attributed to the alternative charge distribution through the
short molecular axis; for instance, the positive charge localized at the B atom is enclosed
between electronegative atoms (F and N atoms). On the other hand, theoretical calcu-
lations suggest that the dipole moment in the HOMO state is higher than in the LUMO
state; for instance, the dipole moment of the PMS546 dye decreases from
W(HOMO)=3.7D to W(LUMO)=2.8D upon excitation (figure 1) [66]. Therefore,
the resonance structure ‘a’, with a low charge separation along the short molecular
axis, has a lower statistical weight in the HOMO state than in the LUMO state,
while the canonical form ‘d’ is more dominant in the LUMO and in the HOMO
state (figure 1).

The BF, group acts as a linking bridge. It does not take part in the delocalized
m-system but provides rigidity to the molecular structure, reducing the electron flow
in the aromatic ring, i.e. disrupting the electronic loop [1]. Consequently PM dyes
can be classified as quasi-aromatic dyes [15], characterized by a low intersystem cross-
ing probability by means of the ‘Drexhage’s loop rule’ [1]. This effect implies a signifi-
cant advantage of PM dyes with respect to other laser dyes, since the reduction in the
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Figure 2. Absorption and fluorescence spectra (A) and fluorescence decay curve (B, analysed as one
exponential) of PM367 (2 x 107°M) in c-hexane.

population of the long-life T, triplet state by the intersystem crossing process would
decrease the triplet—triplet absorption, one of the most important losses in the resonator
cavity. Therefore, it is expected that PM dyes yield high lasing efficiencies.

3.2. General photophysics

Figure 2(A) shows an illustrative example of the UV—Vis absorption and fluorescence
spectra of a diluted solution of PM567 in c-hexane. Except in the cases of substituents
with important electron donor/acceptor capacities or aromatic groups which can



16: 18 21 January 2011

Downl oaded At:

Structural, photophysical and lasing properties of pyrromethene dyes 349

SINGLET
MANIFOLD

TRIPLET
MANIFOLD

T, Ty —x—+—B,.A, LUMO - HOMO

U 6eV
1 L6,
L4ev i
T a1
2.67 eV 1A 2
2.74 eV 8 —1 I
YN kg = 3x108 s :
1.6eV
!
i LUMO - HOM.
s, ! N UMO — HOMO

Figure 3. Electronic excited states of PM chromophore characterized by the C,, symmetry point group:
energy gap (AE in eV), oscillator strength (f) and radiative rate constant (kg, in s~') calculated by the ZINDO
method. The difference and product of the electronic density of the LUMO and HOMO orbitals, showing the
change of the dipole moment upon excitation and the transition density, are also included.

produce important changes in the photophysics of PM dyes, the absorption and fluor-
escence characteristics of PM dyes do not extensively depend on the nature of the
substituents and/or the solvent. [19, 36] The lowest energy absorption band, the transi-
tion from the ground to the first excited state (So— S;), is centred at around 520 nm, in
the green part of the visible region, with a molar absorption coefficient
e~9x10*M'em™! (or oscillator strength f~0.5). It presents a shoulder at higher
energies (at around 1100cm ™" from the maximum), which can be assigned to out-of-
plane vibrations of the aromatic C—H skeleton. Other absorption bands, transitions
to higher singlet excited states (S,, Ss,...), are much less intense than the So—S; transi-
tion (figure 2A).

The energy diagram, provided by quantum mechanical calculations on the basis of
the C,, symmetry point group (figure 3), suggests that the So— S; band corresponds
to an allowed A; — B, transition, which is polarized along the long molecular axis.
The absorption bands to higher excited states would correspond to less probable
A;— A; and A;— B, transitions. Quantum mechanical calculations also suggest
that the Sy — S, transition is nearly a promotion of an electron from the HOMO orbital
to the LUMO orbital obtained from the optimized geometry in the S, state, where the
electronic density is localized mainly at the central C atom (figure 1). The difference of
the electronic density of both orbitals (LUMO-HOMO in figure 3) indicates that the
excitation implies a change in the dipole moment along the short molecular axis,
which is consistent with the diminution in the dipole moment upon excitation, discussed
above. On the other hand, the transition density, obtained by the multiplication of
the electronic density of both orbitals (HOMO - LUMO in figure 3), corroborates that
the So— S; transition is polarized along the long molecular axis [64, 66, 67].



16: 18 21 January 2011

Downl oaded At:

350 F. Lopez Arbeloa et al.

The fluorescence spectrum is practically the mirror image of the Sg— S; absorption
band (figure 2A), suggesting the similarity between the vibrational levels of the Sy and
S; states. The emission band is placed at around 535nm, with a low Stokes shift
(=500 cm™"). Theoretical calculations suggest that the optimized geometry for the S,
excited state is quite similar to that obtained for the S, ground state, validating the
experimentally observed small Stokes shift. The shape of the fluorescence band is inde-
pendent of the excitation wavelength indicating that the emission is from the lowest
vibrational level of the S; excited state. This emission band is characterized by an
important fluorescence quantum vyield (¢~0.7) and, depending on the nature of
the substituent and the solvent, PM dyes can fluoresce with a quantum yield close to
the unit. The ¢ value is independent of the excitation wavelength, suggesting that,
in spite of the populated excited state (S,,Ss,...), they rapidly deactivate to the
fluorescent lowest excited state.

In most cases, the fluorescence decay curves of PM dyes can be analysed as one expo-
nential decay with a lifetime around 56 ns, as is illustrated in figure 2(B) for the specific
case of a diluted solution of PM567 in c-hexane. The fluorescence lifetime of PM dyes
is observed to be independent of the excited and emission wavelengths. In viscous
solvents the decay curves are analysed with a second component, a growing contribu-
tion (negative pre-exponential) with a short lifetime (<0.50 ns). However, when these
curves are registered at the magic angle conditions (emission polarizer at 54.7° with
respect to the plane polarized excitation), the second contribution disappears, indicat-
ing that the growing component is due to the rearrangement of the solvent molecules
during the lifetime of the S; state, i.e. to accommodate the solvation shells to the
change in the dipole moment of the dye molecules after excitation.

Table 1 lists the photophysical characteristics of diluted solutions of PM 546, together
with the theoretically calculated values in the gas phase by two representative quantum
mechanical calculations: a semiempirical ZINDO and an ab initio TD-DFT method.
The semiempirical methods predict the best values for the energy gap with respect
to those experimentally observed, probably because the semiempirical methods
are parameterized to reproduce the experimental values. Although the ab initio
methods overestimate the energy gap, they satisfactorily reproduce the absorption

Table 1. Photophysical properties of PM546 in diluted solutions (2 x 10~ M) of c-hexane, acetone and
methanol: absorption and fluorescence wavelengths (1., and Ap), molar absorption coefficient (¢), oscillator
strength (f), Stokes shift (Avg), fluorescence quantum yield (¢) and lifetime (7), and radiative (kg) and
non-radiative (k,,) deactivation rate constants. The theoretical results calculated by the semiempirical ZINDO
and the ab initio TD-B3LYP methods are also included.

c-hexane [68]  Acetone [68]  Methanol [68]  ZINDO [64]  TD-B3LYP [64]

Aab (££0.1nm) 499 493 492 479 403
e (10°M~Tem™! 9.74 7.86 8.21 - -
f 0.45 0.40 0.46 0.86 0.53
A (£0.4nm) 509 504 504 484 407
Avg (cm™) 400 425 455 235 215
¢ (£0.05) 0.77 0.93 0.95 - -
7 (£0.05ns) 5.23 5.55 5.58 - -
kn (108571 1.47 1.68 1.61 2.41 1.88

ko (103571 0.45 0.30 0.20 - -
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and fluorescence transition moments, evaluated by the oscillator strength (f) and the
radiative rate constant (kp), respectively. Besides, the light spectral shifts and changes
in the transition moments by the effect of the substituents and the solvent are more
accurately predicted by ab initio than by semiempirical methods. These results empha-
size the complementary nature of semiempirical and ab initio methods to best predict
the absorption and fluorescence properties of PM dyes. The photophysical characteris-
tics of PM dyes are similar to those of rhodamine dyes, probably the most-used active
media for tunable dye lasers [19].

On the other hand, taking into account that the active media of dye lasers need high
optical density samples to record the laser signal, it is of great interest to register
the photophysical properties of PM dyes in highly concentrated solutions. The shape
of the absorption band of PM dyes is nearly independent of the dye concentration
(at least up to 2 x 107> M), as shown in figure 4. The non-observation of any metha-
chromasy effect at high dye concentrations suggests the absence of dye aggregation
of PMs in this concentration range. The low tendency to self-associate presents
a great photophysical advantage of these dyes with respect to rhodamine dyes as
active media of tunable lasers [19]. Indeed, rhodamine dyes have a high tendency to
self-aggregate (the methachromasy effect in the absorption spectra) and aggregates
are formed at moderate concentrations in liquid solutions. These non-fluorescent
aggregates are efficient quenchers of the fluorescent emission of the monomers, dras-
tically reducing the fluorescence capacity of rhodamines in concentrated solutions
[16, 19].

The fluorescent band and decay curves of PM dyes, however, present an important
dependence on the dye concentration (figure 4), even if a front-face configuration
with a 1 mm optical path cuvette is used to record the fluorescent emission. Indeed,
an increase in the dye concentration leads to a bathochromic shift in the fluorescent
band, a decrease of its intensity and an augmentation of its lifetime. These changes
depend on the optical pathway of the used cuvette and the fluorescence properties
with a 0.01 mm pathway cell tend to return to the observed spectra and values obtained
in diluted solutions with 1cm cuvettes in the right-angle configuration. These observa-
tions indicate that the dependence of the fluorescence signals on the dye concentration
is due to the inner filter (i.e. reabsorption/remission effects), and confirms the low
tendency of PM dyes to self-aggregate. Present results suggest the convenience of
using diluted dye solutions to register the intrinsic photophysical properties of dyes
in solution. The reabsorption/reemission effects observed in the experimental
spectra recorded in the 0.1 and 1 mm cuvettes can be corrected by mathematical
procedures [18].

3.3. 2,6-Disubstituted-pyrromethenes

In this section the photophysics of pyrromethenes with a methyl group at the 8 position
(PM546) and different substituents at the 2 and 6 positions, such as sulfonate (PM556),
ethyl (PM567) and tert-butyl (PM597) groups, are analysed (scheme 1). The study is
carried out in a multitude of apolar, polar and protic solvents.

As shown in figure 5, both the absorption and fluorescence bands of PMs shift
to lower energies and decrease the intensity due to the presence of the alkyl and
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Figure 4. Absorption and fluorescence spectra and fluorescence decay curves of PMS567 in diluted
(a, 2x 107°M and 1=1cm) and concentrated (b, 2 x 10> M and 1=0.001 cm) solutions of Fs-ethanol. The
fluorescence spectra and decay curves at 2 x 107> M but with cuvettes of 0.01 cm (c) and 0.1 cm (d) pathways
are also included.

sulfonate groups. The fluorescence lifetime shows a non-clear evolution. The corre-
sponding photophysical characteristics of alkyl and sulfonate PM dyes in a common
solvent are summarized in table 2. The theoretical methods adequately reproduce the
bathochromic shift in the spectral bands and the diminution in the transition proba-
bilities due to the presence of alkyl or sulfonate groups at the 2 and 6 positions of
the PM chromophore. TD-DFT stands out as the best calculation method to describe
the effect of the substituent on the photophysics of PM dyes (table 2). The substituents
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Figure 5. Absorption (A) and fluorescence (B) spectra, and fluorescence decay curves (C) of PM546 (a),
PM556 (b), PM567 (c) and PM597 (d) in diluted solutions (2 x 107° M) of methanol.

can affect the spectral band positions by several phenomena, such as the inductive
effect, the resonant interaction and the hyperconjugation. The resonant effect is not
present in alkyl substituents, and the fact that the spectral shifts are higher by the
t-butyl units (around 30nm) than by the ethyl groups (around 25nm), suggests a
more important influence of the inductive than the hyperconjugation effect. In spite
of the electronegativity of S and O atoms, the resonant interaction predominates in
the sulfonate groups. Consequently, both the resonant and the inductive effects shift
the spectral bands to lower energies, which can be explained by the higher electronic
density at the 2 and 6 positions in the HOMO than in the LUMO orbitals, as is
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Table 2. Experimental (in methanol) and theoretically predicted photophysics of PM546, PM556, PM 567
and PM597 dyes in diluted solutions (2 x 10~¢ M). The lasing efficiency (% Eff) in high concentrated solutions
(~1073M) is also included.

PM 546 [68] PM556 [69] PM 567 [45] PM597 [70]

Experimental Aqap (nM) 492 498 516 523
(methanol) e (10*M~'em™) 8.21 9.44 7.90 7.58
0.46 0.43 0.49 0.38

Aq (nm) 504 525 532 561

Avs, (em™h) 455 1055 560 1305
¢ 0.95 0.84 0.91 0.48

o, Eff * - - 51.0 47.6

7 (ns) 5.58 478 6.10 421
ke (108571 1.71 1.76 1.49 1.14
ke (108571 0.09 0.34 0.14 1.23

ZINDO Aap (NM) 479 - 492 494
f 0.86 - 0.88 0.87

Aq (nm) 484 - 500 516

Avg (cm™) 235 - 335 915

kn (108871 2.41 - 221 2.08

TD-B3LYP Aap (nM) 403 - 426 429
f 0.53 - 0.54 0.52

Aa (nm) 407 - 433 455

Avg (cm™") 215 - 360 1365

ke (108571 1.88 - 1.60 1.61

#[PM567]=9 x 10~* M and [PM597] =8 x 10~* in ethanol [71].

predicted by quantum mechanical calculations (figure 1). Therefore, an electron donor
substituent at these positions more extensively destabilizes the HOMO than the LUMO
states, leading to a reduction in the Sy—S; energy gap.

On the other hand, all PM dyes show similar probabilities for the So—S; transitions
(f and kq values), but the PM597 dye presents a higher non-radiative rate constant,
kqr value, with respect to the other PM dyes (table 2). Owing to the low probability
of intersystem crossing of PM dyes [15, 38, 39], the non-radiative deactivation processes
are assigned to the internal conversion mechanisms, which are related, among with
other factors, to the flexibility/rigidity of the aromatic w-system of the chromophore
[1]. Some authors have related the flexibility of PM chromophores with the planarity
of their electronic m-system [28, 37]. Therefore, a loss of planarity in the S; state, for
instance by the presence of bulky z-butyl groups, could imply an increase in the internal
conversion processes of PM dyes, explaining the observed reduction in the fluorescence
capacity of PM597. This fact is confirmed by quantum mechanical calculations, since
they predict a loss of planarity in the pyrrole units of the PM597 in the excited state
with respect to the PM567 dye (i.e. the dihedral angle between the C atoms at the 5,
6, 7 positions and the adjacent C atom, a(Cs—C¢—C,—C), is 4.7° for PM597 versus
0.2° for PM567) [70]. This disruption from planarity should be attributed to the
steric hindrance between the bulky #-butyl groups (2 and 6 positions) with the adjacent
methyl groups (1 and 3, and 5 and 7, respectively), since quantum mechanical calcu-
lations do not predict any loss in planarity by the presence of the z-butyl group at
the 2 and 6 positions for the PM chromophore without any methyl substituent at the
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1, 3, 5 and 7 positions. The disruption in the planarity of the PM597 derivative would
imply an extra bathochromic shift in the fluorescence band (with respect to the absorp-
tion band) and, consequently, an increase of the Stokes shift (table 2).

3.3.1. Solvent effect. The presence of alkyl or sulfonate groups in PM dyes makes this
chromophore compatible with all organic and aqueous solvents. Thus, the PM556
derivative is soluble in water, water/ethanol mixtures and most of the alcohols [69],
whereas PM 546, PM567 and PM597 dyes are soluble in all apolar, polar and protic
solvents, and in some alcohol-rich water/ethanol mixtures [21, 45, 70]. The photophys-
ical properties of commercial PM dyes have been studied in a wide variety of apolar,
polar and protic solvents and mixtures of water/ethanol. In all derivatives, the same
tendencies are experimentally observed and theoretically predicted for the effect of
the solvent on the absorption and fluorescent characteristic of PM dyes; in general,
the spectral bands shift to higher energies and the fluorescence capacity and lifetime
increase in polar media, mainly due to a diminution in the non-radiative deactivation.
Again, the TD-DFT method in combination with the PCM solvation model is the
most accurate quantum mechanical calculation describing the solvent effect on the
photophysics of PMs [73].

The evolution of the photophysical properties can be analysed by the Lippert Af
parameter, which accounts for the polarity/polarizability of the solvent by means of
the dielectric constant (¢) and the refractive index (n) of the solvent [Af=(e—1)/
(2e + 1) — (n* = 1)/2n> + 1)], or the Reichardt EX(30) parameter, which describes the
polarity/polarizability and acidity of the solvent by means of the observed shift in
the absorption band of a betaine dye used as a molecular probe. However, the most
precise description of the solvent effect is a multilinear correlation analysis, where a
physicochemical property (XYZ) is simultaneously correlated with different solvent
properties (A, B, C,...) by means of [76-81]:

(XYZ) = (XYZ)) + cad + ctB+ ccC+ -+ (6)

where (X'YZ), is the physicochemical property of interest in an inert solvent and c,, ¢y,
¢e, - - - are the adjusted coefficients, which reflect the dependence of the corresponding A4,
B, C, ... solvent parameters. The most general solvent parameters affecting the absorp-
tion and fluorescence properties of conjugated w-systems are the polarity/polarizability,
the H-bond donor/acceptor capacity and the electron-releasing ability. These factors
are described by Taft (7*-, a- and B-scales, respectively) [76-78] and Catalan (SPP™-,
SA- and SB-scales, respectively) parameters [79-81]. The multilinear analysis obtained
for the main photophysical properties of PM597 dye are shown in figure 6, and the cor-
responding adjusted coefficients are summarized in table 3. Both absorption and fluor-
escence bands shift to higher energies by increasing the solvent polarity/
polarizability (¢« > 0 for v,, and vy in table 3), while the solvent basicity induces
light spectral shifts toward lower energies (cg<0). The effect of the solvent acidity
on the position of the spectral bands is practically negligible (¢, ~0). These results
experimentally confirm the decrease in the dipole moment of PM dyes upon excitation,
as is theoretically predicted by quantum mechanical calculations.
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Figure 6. Correlation between the experimental absorption (A) and fluorescence (B) wavenumber and the
values predicted by means of a multilineal regression analysis (equation 6) using the Taft 7*-, «- and B-solvent
parameters [76-78]. Apolar (1-4), polar/aprotic (5-15) and polar/protic (16-22) solvents [70].

On the other hand, the &y value of alkyl-PMs is nearly solvent-independent, while the
ko value decreases in polar solvents (table 3). A possible explanation for the reduction
in the internal conversion of alkyl-PM dyes in polar/protic media, previously applied to
rhodamines and 7-amino-coumarines, should be related to the electron flow and the
delocalization of the positive charge through the m-system of the PM chromophore,
represented as the interconversion between the two extreme resonance structures ‘a’
and ‘d of figure 1 [72]. Thus, an electrostatic stabilization of the positive charge with
the dielectric constant of the solvent or any specific solute—solvent interaction reducing
the charge mobility through the conjugated 7-system, should lead to a diminution in the
non-radiative deactivation and an increase in the fluorescence capacity of alkyl-PMs
in polar/protic solvents.
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Table 3. Adjusted coefficients (X YZ)y, ¢+, ¢, and cg) of the multilinear regression analysis (equation 6) for

the absorption (v,) and fluorescence (vy) wavenumber, and the radiative (kp) and non-radiative deactivation

(kyr) constant of PM 597 [70] with the solvent polarity/polarizability, acidity and basicity described by the Taft
(m*, o and B) scales [76-78].

XYz (XYZ), e Ca cp
Vap (cm™) 18970 (£20) 300 (& 40) - —110 (& 35)
v (cm™") 17590 (£25) 280 (+ 50) 30 (& 25) —50 (£50)

In(kq) 18.35 (£0.05) 0.16 (£0.11) - —0.18 (£0.10)
In(kny) 18.75 (£0.04) —0.20 (£0.08) —0.05 (£0.04) 0.11 (£0.08)

3.3.2. Photophysics-lasing correlations. The photophysical properties of alkyl-PM
dyes satisfactorily correlate with their laser performance by changing both the substi-
tuent and the solvent (table 2). The presence of z-butyl groups instead of ethyl
groups (PM597 vs. PM567) reduces the lasing efficiency [71], which correlates with a
diminution in the fluorescence quantum yield of PM dyes. However, the decrease in
the lasing efficiency is not so pronounced, probably due to the higher Stokes shift in
PM597 vs. PM567 which reduces the losses of the resonator cavity [70]. On the
other hand, figure 7 shows the satisfactory correlation between the photophysical
and lasing properties [45] for PM 567 in a multitude of solvents; indeed, the fluorescence
and lasing bands shift to higher energies by increasing the solvent polarity (the
corresponding wavenumbers show a linear correlation), whereas the increase in
the lasing efficiency in polar protic solvents inversely correlates with the reduction
in the non-radiative deactivation rate constant. Similar results are obtained for
other PM derivatives in some representative apolar, polar and protic solvents
[46]. Therefore, experimental results recommend polar/protic media as the best
environmental conditions to get the most efficient fluorescent and laser performances
for alkyl-PM dyes.

Present results suggest the viability of the photophysical properties to predict the best
structural and environmental conditions to optimize the laser performance of alkyl-PM
dyes. Moreover, taking into account the accuracy of the quantum mechanical calcula-
tions to predict the effect of the substituents and the solvent on the photophysics of
these dyes, it can be considered as a helpful tool of the theoretical calculations
to orientate the modelization of the new molecular structures of PM dyes with specific
photophysical properties, and consequently with predesigned lasing characteristics.

3.3.3. PMS567 in polymeric matrices: cross-linking effect. PM567 dye was incorporated
[47] in a solid polymethyl methacrylate (PMMA) matrix (scheme 3), which is character-
ized by its good transparency to visible radiation. Table 4 summarizes the photophysi-
cal properties of PM567 in PMMA and in ethyl acetate, a liquid solvent with similar
physicochemical properties to those of the solid host material. The position of the
absorption band of PM567 in PMMA is similar to that obtained in polar media,
confirming that the polymeric matrix provides a polar environment due to the presence
of the pendant methoxycarbonyl groups. This is an important characteristic since
the highest fluorescence quantum yields and lasing efficiencies of PM567 are achieved
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Figure 7. Correlation between: (A) fluorescence (vqg) and lasing (vy,) [45] wavenumber, and (B) the non-
radiative deactivation rate constant (k,,) and lasing efficiency (%Eff) [45] of PM567 in several apolar (1-4),
polar (5-11) and polar/protic (12—18) solvents [45].

in polar media. The shape of the absorption spectrum in the solid phase is wider than in
the liquid media. However this fact is independent of the dye concentration in the poly-
meric matrix, therefore it is not due to methachromasy effects, which enhances the
losses in the resonator cavity. Probably, this widening is due to the modification
of the vibrational structure of the spectra as a result of the higher rigidity of the
solid matrix. Although the registered fluorescence properties of these dyes in the
solid matrix are affected by the reabsorption and reemission effects (optical density
at the excitation wavelength around 0.8 for solid disk thickness around 0.2 mm), the
correction of the effect by mathematical procedures [18] leads to corrected fluorescence
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CH,=C(CH;) —COO —CHj,4 Methyl methacrylate (MMA)

Trimethylolpropane trimethacrylate (TMPTMA) Pentaerithrytol tetracrylate (PETRA)
CH,=C(CH;)-COO—CH, CH, =CH—COO— CH,

CH,=C(CH3)-COO0—CH;—C—CH,—CH;  CH, =CH—COO-CH;—C—CH,-00C—CH= CH,
CH,=C(CH3)—COO—CH, CH,=CH-COO— CH,
Scheme 3. Polymerizable acrylic and methacrylic monomers [47].
Table 4. Photophysics of PM567 in PMMA (1.5 x 107> M and thickness of 0.2mm) and in ethyl acetate

(2x 107> M and cuvettes of 0.01 mm). The fluorescence parameters of the polymeric samples are corrected
from the reabsorption and reemission phenomena (c superscript) [18].

Xab (nM) A (nm) f ¢ = (ns) kg (10%s7") ke (10%7)
PMMA [82] 518.5 531.0 047  0.63 7.52 0.83 0.49
Ethyl acetate [45] 516.7 534.0 0.55  0.83 5.99 1.38 0.28

parameters similar to those obtained in diluted PM567 solution of polar media.
Therefore, solid polymer matrices do not drastically change the photophysical proper-
ties of PM dyes, although it has been observed that solid materials offer an important
improvement in the thermal and photostability of the dye [49, 82].

The rigidity of the polymer PMMA matrix can be modified by adding adequate
cross-linking agents [47]. The reduction in the free volume surrounding the PMMA
matrix by the copolymerization of MMA and different cross-linking agents, illustrated
in scheme 3, enhances the fluorescence capacity and the lasing efficiency of PM567 in
the solid matrix [47]. However, experimental results shown in figure 8 indicate that
there is an optimal cross-linking degree that ameliorates the fluorescence and the
lasing efficiencies. This optimal degree depends on the nature of the cross-linking
agent. Thus, acrylic cross-linking agents (e.g. TMPTMA in scheme 3) optimize the
fluorescence capacity and the lasing efficiency for a high proportion (around 10%,
figure 8) of the cross-linking agent over the MMA monomers, while for the
methacrylic agents (e.g. PETRA in scheme 3) low proportions of the cross-linking
agents (around 1%, figure 8) are required to optimize the emission signals of
PM567. This behaviour has been assigned to the different increases observed in the
glass transition temperature (7,) of the copolymer matrix, which is lower in the acrylic
cross-linker than in the methacrylic agent, providing a less rigid environment in the
former case [47]. A further increase in the cross-linking degree beyond this optimal
point reduces the fluorescence capacity, probably because an excessively rigid environ-
ment damages the dye (figure 8). The experimental results shown in figure 8 support
the adequate correlation between the fluorescence capacity and the lasing efficiency of
alkyl-PM dyes, in the present case by changing the rigidity of the solid host polymeric
material.
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Figure 8. Evolution of the lasing efficiency [47] (grey) and the fluorescence quantum yield (black) with the
methacrylic TMPTMA (A) and acrylic PETRA (B) cross-linking agent concentration.

3.4. Acetoxy-pyrromethenes

The photophysical properties of a series of new analogues of the PM567 dye with an
acetoxy or a polymerizable acryloyl end group at the 8 position are studied in this
section (scheme 2) [48, 49]. The acetoxy analogues are considered the molecular
models for the derivatives with the polymerizable end group. Both end groups are
separated from the chromophore by a linear polymethylene chain (PXAc or PXMA,
linear analogues) with X =1, 3, 5, 10 and 15 methylene units or by a para substituted
phenyl group (PArXAc or PArXMA, phenyl analogues), or even double-substituted
at the 2 and 6 positions (scheme 2). The study is performed in six representative
solvents: apolar (c-hexane), polar (acetone and ethyl acetate) and polar/protic (ethanol,
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Figure 9. Evolution of the absorption (1., ®) and fluorescence (1, A) wavelength, and fluorescence
quantum yield (¢, V) and lifetime (z, W) with the length of the chain of the linear PM567 analogues
(PXAc, with X=1, 3, 5, 10 and 15) in c-hexane. The corresponding values for the PM567 dye are shown
as dashed lines.

methanol and trifluoroethanol) media and in solid polymeric matrices where the PM
chromophore is incorporated to the polymer as a dopant or via a covalent linkage.

3.4.1. Linear 8-acetoxy analogues. The evolution of the photophysical properties of
the linear acetoxy analogues with the length of the methylene linking chain is shown
in figure 9. When the acetoxy group is close to the chromophore, i.e. only one methy-
lene unit (X =1), the photophysical properties of the chromophore drastically change
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with respect to those of the original PM567 dye; spectral bands shift to lower energies,
and the fluorescence capacity and lifetime decreases and increases, respectively, mainly
due to a reduction in the kg value. However, if the linking polymethylene chain length is
long enough (X > 3 methylene units), the photophysical properties of these analogues
tend to be those observed for PM567 (figure 9) [83]. Such behaviour is also predicted
for the theoretical simulations of the absorption spectra [83]. These results rule out
any direct intramolecular interaction between the acetoxy group and the electronic
m-system of the chromophore. In fact, such an interaction should depend on the relative
orientation of both groups and consequently would be favoured in long polymethylene
chains where the flexibility and conformational distribution of the methylene units
could place face-to-face both moieties. The optimized geometry (figure 10) of these
PXAc analogues guarantees this argument, since it reveals a linear stair-like
distribution of the methylene units in the linking chain where the end acetoxy group
is placed far away from the aromatic ring. Therefore, the effect of the acetoxy group
on the photophysics of the PM chromophore should be through the linking chain
and it would be reduced by increasing the number of methylene units. Indeed, for
X >3 the effect of the acetoxy group on the photophysics of the chromophore is
practically negligible (figure 9).

The influence of the acetoxy end group on the photophysics of the chromophore in
the P1Ac can be explained by the contour maps of the frontier orbitals (figure 1). The
electronic density at the 8 position is higher in the LUMO than in the HOMO orbital,
hence an inductive electron withdrawing acetoxy group stabilizes more extensively the
LUMO than the HOMO state, reducing the energy gap between the Sg and S; states for
the P1Ac dye. Moreover, such an electron acceptor acetoxy group would reduce the
delocalization of the conjugated m-system, decreasing the So—S; transition probability
for this derivative. For methylene linking chains of enough length (i.e. for more than
three methylene units), the effects of the acetoxy group on the photophysics of PM
dyes become nearly negligible. Consequently, linear methylene linking chains with
more than three methylene units should be adequate candidates to incorporate

X-axis view y-axis view

Figure 10. x- and y-perspectives of the optimized geometry of P5SAc analogue by the B3LYP/6-31G method.
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polymerizable acryloyl end groups in order to covalently bind the PM chromophore
in polymeric chains.

3.4.2. 8-phenyl analogues. The presence of the phenyl ring as a linking partner
between the PM chromophore and the acetoxy end group does not drastically affect
the photophysical properties of the PM567 dye (similar absorption and fluorescence
wavelengths, and similar transition probabilities), although the presence of the
phenyl group at the 8 position increases the radiationless deactivation processes
(table 5) [72]. These results suggest the absence of any resonant interactions between
the phenyl group and the chromophoric system. Indeed, this is corroborated by quan-
tum mechanical calculations, since the phenyl group adopts a nearly perpendicular
(dihedral angle 87.9°) [72] conformation with respect to the chromophoric ring in the
optimized geometry of PAr1XAc analogues (figure 11). Such a conformation prevents
any interaction between the electronic clouds of both systems. Other authors have
claimed important changes in the photophysical properties of PM dyes by the presence
of aromatic groups at the 8 position when there are no methyl groups at the adjacent
1 and 7 positions [35, 84, 85]. In that case, the coplanar disposition of both entities leads
to a resonant interaction between the phenyl group and the chromophore extending
the delocalization of the PM electronic m-system and giving rise to important changes
in the photophysics of the PM chromophore [35]. This is not the present case and the
nearly perpendicular disposition of both aromatic rings should be assigned to steric
hindrances between the 1 and 7 methyl groups of the PM chromophore and the
ortho hydrogens of the phenyl unit [72, 84]. Therefore, it could be concluded that the
present aromatic phenyl group acts as a ‘normal’ linear linking polymethylene chain
and the absorption and fluorescence bands of PArXAc are close to those of PXAc
analogues with X > 3.

However, the aromatic analogues present an appreciable decrease in the ¢ and t
values with respect to those values of PM567, which are reflected in an increase in

Table 5. Photophysical properties of diluted solutions (2 x 107° M) of PArlAc and PAr3Ac dyes in six
representative solvents.

smax
Solvent Aap (NM) (104 M 'em™) Ag (nm) ¢ 7(ns) kp (10%s7h) ke (108571
PArlAc [49, 72]
F;-ethanol® 521.6 6.56 535.2 0.81 6.35 1.27 0.30
Methanol 522.3 7.38 535.6 0.71 5.18 1.37 0.56
Ethanol 523.6 7.53 536.0 0.68 5.18 1.31 0.62
Acetone 522.2 7.02 536.0 0.65 4.82 1.34 0.73
Ethyl acetate 522.6 7.59 536.0 0.65 5.00 1.30 0.70
c-hexane 526.0 8.05 538.0 0.45 3.68 1.22 1.49
PAr3Ac [49, 72]
F;s-ethanol® 520.2 6.90 534.0 0.90 6.51 1.38 0.15
Methanol 521.3 7.81 534.8 0.77 5.33 1.44 0.43
Ethanol 522.4 7.95 535.2 0.72 5.31 1.35 0.52
Acetone 521.4 7.91 535.2 0.65 4.92 1.32 0.71
Ethyl acetate 521.7 791 534.8 0.69 5.08 1.35 0.61
c-hexane 525.1 8.63 537.2 0.49 3.88 1.26 1.31

42,2,2-trifluoroethanol.
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X-axis view Z-axis view

Figure 11. x- and z-views of the optimized geometries of PArlAc dye with B3LYP/6-31G.

the &, value (table 5). Chen et al. [84] observed an important increase in k,,, due to the
presence of a phenyl unit and they attributed it to an augmentation in the internal con-
version, which was assigned to the free rotation of the phenyl group with respect to the
chromophoric ring. However, this mechanism is not valid in the present case, since the
enhancement in the &, value of PArXAc does not depend on the solvent viscosity when
this parameter is included in the multilinear analysis (equation 6) of the solvent effect
on the k,,, value of these analogues [72]. Moreover, previous results on the photophysics
of alkyl-PM dyes in benzene and toluene provided anomalously high values of k&, [45,
68]. Therefore, the increase in the radiationless deactivation of PArXAc could be
assigned to internal conversion processes, probably due to a vibrational coupling
between the PM and the phenyl ring, which can be performed via intramolecular
(directly attached to the chromophore) and intermolecular (through the solvent)
mechanisms [72].

On the other hand, the photophysical properties of the disubstituted analogue at
the 2 and 6 positions (P3Ac2, scheme 2) are very close to those of the original dye
PM567. The 2 and 6 positions of the chromophore are less sensitive to the substituent
effect than the 8 position, since the change of the electronic density between the HOMO
and LUMO states is higher at the latter position (figure 1).

Taking into account the lasing efficiencies of all these acetoxy PM567 analogues
[49, 83], a satisfactory correlation between the lasing gain and the fluorescence quantum
yield for both the substituent (phenyl group and the linear polymethylene chain) and
the solvent effect is established, as shown in figure 12 for the former case. In fact, as
can be seen from figure 12, the lowest laser efficiencies are obtained in the aromatic
analogues (PArlAc and PAr3Ac) and in the linecar-methylene P1Ac dye, while
the lasing gain increases with the number of methylene units (PXAc with X > 3).
The fluorescence capacity shows the same evolution explained above.

A new bichromophoric system based on the incorporation of a terphenyl group at the
8 position of the PM567 chromophore is now under study in our laboratory.
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Figure 12. Correlation between the fluorescence quantum yield and the lasing efficiency [49, 83] of the linear
(PXAc) and aromatic (PArXAc) analogues in polar media.

Preliminary results reveal that the excitation at the terphenyl absorption band
(Aap~275nm) leads to its fluorescence emission (Ag~ 370 nm) and also to the emission
of the PM567 chromophore (Ag~ 530 nm). Therefore, there is a partial energy transfer
from the terphenyl excited state to the fluorescence state of the pyrromethene. This
observation is of great technological interest in the development of new tunable laser
systems based on the pumping of an adequate chromophore at a specific wavelength
(e.g. in the UV region) and the laser emission of a second chromophore in the Vis
region. Moreover, these energy-transfer systems are characterized by a high Stokes
shift and would reduce the losses in the resonator cavity caused by the inner filter
and reabsorption effects.

3.4.3. Solid polymeric matrices. The linear and aromatic acetoxy PXAc and PArXAc
analogues have been incorporated [48, 49] in solid PMMA matrices as dopants (PXAc/
PMMA), while the covalent linkage of the PM567 chromophore to the PMMA chain
has been performed by the copolymerization of the corresponding PXMA analogues
(with a polymerizable acryloyl end group) and MMA (the so-called COP(PXMA-
MA), scheme 4) [82]. Besides, in the case of the disubstituted analogue, the PM567
chromophore is double-bounded to the polymeric chain and the dye itself can be
considered to act as a cross-linker.

In general, the effect of the chain length or the phenyl group in the photophysical
properties of the PM chromophore in polymeric hosts is similar to that described
above in the liquid phase [72, 82, 83]. However, it has to be pointed out that the
solid matrix yields slightly higher fluorescence capacities and lasing efficiencies for
these PXAc and PXMA analogues with X >3 methylene units than for the PM567
dye [45, 82]. These results corroborate the validity and the accuracy of the present
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Scheme 4. Covalent linkage of the PM chromophore to a methacrylic chain.

Table 6. Photophysical and lasing [49, 82] properties of PM567 analogues (see scheme 2) incorporated as
dopants (PXAc) and covalently linked to MMA (PXMA) through different spacers.

PXAc/PMMA [49, 82] PXMA-MMA [49, 82]
X A.ab )‘?'l )\.121 ¢C 7° %Eff )L.db )‘?'l )\.1.‘] ch 7° %Eff
Linear
1 5445 5565 591 0.61 8.21 58 546.6  557.0 594 0.62  7.96 26
3 521.7  531.5 569  0.89 897 36 5224 5320 569 085 815 34
5 520.8  530.0 567 0.84 9.00 40 521.1  530.0 568 085 9.10 36

10 520.6  529.5 566  0.84  8.93 41 520.7  529.5 564 0.83 8.72 37

15 520.6  529.0 565 0.78 798 33 520.7  529.5 564 0.81 8.23 36

3-2 517.5 532.0 564 0.86 8.23 37 5177 5304 564 0.77  8.05 37
Aromatic

Arl 5247 5364 558 0.82  9.37 18 5249  536.8 558  0.84 9.42 20

Ar3 5237 5344 554 082 825 18 524.1 5352 555  0.80  8.01 16

“Values corrected from the reabsorption and reemission phenomena [18].

linkage chain in the development of tunable lasers in the solid state based on these
analogues. In general, the rigidity of the polymeric matrix favours the fluorescence
capacity of these dyes.

Experimental results indicate that the photophysical properties of the acetoxy analo-
gues included as dopants in the polymeric matrix are very similar to the corresponding
acryloyl analogues covalently linked to the polymer chain (table 6) [82]. Therefore, the
covalent linkage hardly affects the fluorescence capacity and the lasing efficiency of
these dyes. However, it has been demonstrated that the covalent linkage considerably
enhances the thermostability of the PM567 chromophore, probably because the
chemical linkage provides extra pathways to the dye to eliminate the excess of heat
accumulated during the laser action [82]. These results are of great importance in the
application of PM dyes in tunable lasers, because the thermal degradation is one
of the most important reasons for dye damage in solid state dye lasers. In this way,



16: 18 21 January 2011

Downl oaded At:

Structural, photophysical and lasing properties of pyrromethene dyes 367

A 0.12 . | ' :
a,¢=0.70 .
b, 0=0.36 _absorption 3, fluorescence
e, 6= 0.06
=
2
0.08 4 z
[ k=
i k=
i
0.04 Z
o
=
a8y
0.00 : . , . =S
520 560 600 640
Wavelength (nm)
B a, T=>5.60ns
b, T=4.67 ns
103 ¢, 7=1.29ns
Z 102t
2 H
o
o ;
10! J
100 b=
0 5 10 15 20 25 30 35
Time/ns

Figure 13. Absorption and fluorescence spectra (A) and fluorescence decay curves (B) of diluted solutions
(2 x 107°M) of PM567 in ¢-hexane (a) and of PM650 in ¢-hexane (b) and methanol (c).

the operative lifetime of the active media is considerably increased by the covalent
linkage [24].

3.5. 8-Cyano group: intramolecular charge transfer (ICT) state

The PM650 dye presents a cyano group at the 8 position (scheme 1). Contrary to the
preceding PM derivatives, PM650 presents drastic changes in the photophysical char-
acteristics [86]. Figure 13 shows the important bathochromic shifts in both absorption
and fluorescence bands of PM650 with respect to PM567. The presence of the cyano
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Table 7. Photophysical properties of PM650 in diluted solutions (2 x 10~°M) of ¢-hexane, acetone and
methanol [86]. The theoretical results obtained by the semiempirical ZINDO and the ab initio TD-B3LYP
methods are also included [86].

c-hexane Acetone Methanol ZINDO TD-B3LYP
hab (nm) 589 588 588 523 473
e (10*M'em ™) 5.30 3.45 4.10 - -
f 0.23 0.27 0.32 0.91 0.37
A (nm) 600 606 609 525 475
Avg, (em™h) 290 510 610 70 90
¢ 0.36 0.11 0.06 - -
T (ns) 4.67 1.81 1.29 - -
ke (108571 0.77 0.60 0.46 2.15 0.90
ko (108571 1.37 4.92 7.29 - -

group also significantly reduces the intensity of both bands, mainly in the fluorescence
band in polar/protic solvents, due to a decrease in the transition probabilities and
mainly to an increase in the non-radiative deactivation processes [87]. Table 7
summarizes the photophysical properties of PM650 in some representative solvents
together with the theoretically predicted values. All these results indicate drastic effects
on the photophysics of PM dyes due to the presence of a high electron acceptor
substituent at the 8 position. The large bathochromic shift of both spectral bands
with respect to those of the PM567 is assigned to a net stabilization of the LUMO
level due to the cyano group decreasing the energy gap. Besides, this strong electron-
withdrawing group reduces the delocalization of the chromophore leading to the
observed decrease in the kg value, which correlates with a diminution of the absorption
intensity (table 7).

The presence of the cyano group also increases the k,, value, mainly in polar solvents
(table 7). In order to carry out a deeper study of the solvent effect, the photophysical
properties of the PM650 dye are registered in a multitude of apolar, non-basic
polar and polar/protic solvents [86]. However, in the present case, the variety of
solvents employed is limited, since we experimentally observed a degradation of
PM650 and new absorption and fluorescence bands at higher energies in those polar
media catalogued as electron donor solvents (e.g. amides). These solvents are not
considered in the present paper because they have no interest from a photophysical
point of view.

The multilinear analysis of the solvent effect on the photophysical properties of
PM650 (figure 14) indicates an appreciable shift to lower energies of the fluorescence
band with the solvent polarity, while the absorption band hardly shifts with the solvent.
These results would indicate that the dipole moment of the chromophore practically
does not change in the excitation process, but during the lifetime of the emissive excited
state, there is a charge redistribution through the conjugated m-system increasing the
dipole moment of the chromophore. Indeed, theoretical calculations at the DFT level
suggest a low dipole moment of PM650 in the Sy ground state (n=0.4D), much
lower than that of PM546 (u=>5.1 D) [86]. The presence of an electron acceptor substi-
tuent at the 8 position of PM chromophores tends to change in the orientation of the
dipole moment vector in the ground state, leading to a reduction in its value. However,
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Figure 14. Correlation between the experimental (A) absorption (v,,, M) and fluorescence wavenumbers
(vq, ¥) and (B) radiative (kn, A)and non-radiative (k,,, ®) deactivation rate constants with the corresponding
predicted values by means of the Taft scales [76-78]. Apolar (1-4), polar/aprotic (5-13) and polar/protic
(14-20) solvents [86].

because the electron transfer process is favoured in the excited states, the dipole
moment of PM650 in the S; excited state (w=1.3D proposed by the ab initio CIS
method) is higher than in the Sy ground state. In this sense and contrary to the observa-
tion in alkyl-PM dyes, the excitation implies an augmentation in the dipole moment of
the PM650 derivative [86].
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Figure 15. Energy diagram for the deactivation processes from the S; excited state of PM650: LE (Localize
Excited), FC (Franck—Condon) and ICT (Intramolecular Charge Transfer) states. Continuous and wavy lines
represent radiative and non-radiative processes, respectively. The stabilization of the ICT state with the
solvent polarity is also illustrated.

Moreover, the multilinear regression analysis on the rate constant of the deactivation
process shows that the kp value slightly decreases and that the k,, value strongly
increases with the solvent polarity/polarizability (figure 14). The previously described
internal conversion mechanism related to the flexibility of the PM chromophore [72]
is not applicable for the PM 650 dye, since the optimized geometry by quantum mechan-
ical calculation reveals a planar z-system. Therefore, a new mechanism for the radia-
tionless deactivation in PM650, favoured in polar solvents, has been proposed. This
extra non-radiative deactivation is assigned to the deactivation via an intramolecular
charge transfer (ICT) state [88-91], obtained by electron transfer from the chromopho-
ric -system to the cyano group, as shown in figure 15. The ICT state is populated from
the fluorescent S; local excited (LE) state and produces a quenching effect of its fluor-
escence emission [91]. The formation of the ICT state does not lead to new emission
bands because the radiative deactivation is forbidden or because it deactivates to the
Sy ground state by a very fast non-radiative mechanism, preventing its further
characterization by fluorescence techniques. The ICT state is characterized by a
high dipole moment, and hence it is stabilized in polar media. Consequently, the fluor-
escent quenching of the LE emission is more efficient in polar solvents (figure 13 and
table 7).

The drastic change in the fluorescence properties of PM650 depending on the nature
of the solvent suggests the convenience of this PM derivative being used as a fluorescent
molecular probe in the characterization of the physicochemical properties of different
systems of special interest in biology, catalysis, etc. From a photophysical point of
view, the cyano group would decrease the lasing efficiency of PM dyes. In this case,
and contrary to the observation in alkyl and acetoxy PM dyes, apolar surroundings
should be the recommended environments to achieve the highest laser efficiency.
In fact, preliminary results obtained for the lasing characteristics [92] of the PM650
dye corroborate this suggestion; the lasing efficiency of PM650 is similar to that of
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PM567 in c-hexane (with values around 30%) [92], whereas the former dye presents
a much lower lasing efficiency in polar media (%Eff of around 15% for PM650 [92]
vs. 55% for PMS567 [45] in trifluoroethanol). The loss in the lasing efficiency of
PM650 in polar solvents (around 4 times lower than that of PM567) is not so
pronounced as the decrease in the fluorescence quantum yield (around 20 times),
probably because the higher Stokes shift in PM650 reduces the losses by inner filter
effects in the resonator cavity.

4. Conclusions

In general, the lasing characteristics of pyrromethenes dyes show an adequate correla-
tion with their photophysical properties by changing the molecular structure of the dye
and the nature of the solvent. Moreover, quantum mechanical calculations, at both the
semiempirical and ab initio levels, can predict the effect of the substituent and the
solvent on the photophysical characteristics of PM dyes. Therefore, quantum mechan-
ical calculations are appropriate tools to orient the synthesis of new PM derivatives and
to propose the best structural and environmental conditions to optimize the lasing
properties of PM dyes.

Spectral band positions are better reproduced by semiempirical methods, although
minor spectral shifts owing to the substituent and the solvent effects are more accu-
rately predicted by DFT methods. Slight tuning in the spectral bands of PM dyes
can be achieved by appropriate alkyl and polymethylene- or phenyl-acetoxy substitu-
ents at different positions of the chromophore. Non-radiative deactivation processes
are favoured by bulky alkyl groups, probably due to a reduction in the planarity of
the aromatic ring, and by phenyl groups, probably owing to a vibrational coupling
between both aromatic systems. The presence of substituents with a high electron
donor/acceptor capacity, such as a cyano group, leads to strong spectral shifts and
diminution in the fluorescence capacity, due to a non-radiative deactivation process
via non-fluorescence intramolecular charge transfer state. The important effect
observed on the photophysics of this derivative by the solvent suggests the viability
of PM650 as a fluorescent molecular probe, extending the applicability of the PM
photophysics.

Polymethyl methacrylate matrices with appropriate rigidity are adequate host
materials in the design of dye lasers in the solid state, since the polymeric systems do
not extensively modify the photophysics of PM dyes. Moreover, the covalent linkage
of the PM chromophore to polymeric chains, through methacryloyloxy substituents,
improves the application of PM dyes as photonic materials, since the chemical
bounding increases the thermo- and photostability of PM dyes.
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