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UV —vis absorption spectroscopy and fluorescence (steady-state and time-resolved) techniques were used to
study the photophysical properties of the pyrromethene 597 (PM597) dye in several solvents, which include
a wide range of apolar, polar, and protic media. This dye presents a lower fluorescence quantum yield than
the well-known PM567 dye because of an increase in the nonradiative deactivation rate constant. This is
attributed to a loss of planarity in the excited state provided by the steric hindrancetefttbetyl groups

at positions 2 and 6 of the chromophore core. Such a geometrical change in the excited state leads to an
important Stokes shift, reducing the reabsorption and reemission effects in the detected emission in highly
concentrated dye solutions. The highest fluorescence quantum yield of PM597 is observed in polar media.

Introduction the fluorescence quenching of the monomer emission by the

Pyrromethenes are a laser dye family synthesized at the endPresence of H aggregates in highly concentrated solutions, as

of the 1980s as a result of continuous efforts to achieve dye WaS observed in rhodamine dy€s;and (3) their high
lasers with improved laser performaricé.Pyrromethenes are  Photostability}®~20 which improves the lifetime of the laser
based on the fluoroboration of two pyrrole groups linked by a action with respect to that of rhodamin€sOwing to these
conjugated chain, giving rise to the dipyrromethene-GEM) properties, PM dyes have been successfully incorporated into
complexes, which can be classified as cyclic cyanines. Thesedifferent solid matrixes (polymers, silica, eté}" to develop
dyes show very interesting and encouraging photophysical solid-state syntonizable dye lasers.
propertiest™1% They emit in the green-yellow and red part of | previous papers, good correlations between photophysical
the visible electromagnetic spectrum with a high molar absorp- properties and laser characteristics were observed for PM dyes
tion coefficient (around TOM~ cm™) and a fluorescence i, |iquid solutions and in polymeric matrixé&1627.28ndicating
quantum yield, in some cases, near uritifrhey also present  hat the laser behavior is a consequence of the photophysical
even better laser action than rhodamine dyéswhich are properties. Indeed, the evolution of the fluorescence wavelength
considered the benchm_ark in laser performance. and quantum yield with several environmental factors was
Several factor_s contribute to the b_GSt laser performance of ginjiar 1o that observed for the laser band and efficiency,
pyrromethene with respect to rhodamine as laser dyes: (1) low respectively. The Stokes shift modifies the lasing performiince
triplet—triplet absorption capacity at the lasing spectral regfon, .~ : . .
which reduces the losses in the resonator cavity; (2) a poorIn highly _concentrated glyg solutions because .'t affe(_:ts the
reabsorption and reemission phenomena, which shifts the

tendency to self-aggregate in organic solvérsl® avoidin . ) ,
y ggreg g 9 emission band to longer wavelengths and reduces its efficR@ncy.

* Corresponding author. Phonet34 94 601 59 71. Fax:+34 94 601 Consequently, the study of the photophysical properties of PM
35 00. E-mail: gfploarf@lg.ehu.es. dyes can be a successful tool for the prediction of the best
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Figure 1. Molecular structure of PM597. ci 8
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In the present paper, the photophysical properties of pyrro- 300 350 400 450 500 550 600 650

methene 597, PM597, (Figure 1) are investigated in a wide wavelength (nm)

variety of solvents, including apolar, polar, and protic solvents. Figure 2. Absorption (bold lines) and normalized to the fluorescence

This dye, with five methyl groups at positions 1, 3, 5, 7, and 8 g, ;antum yield fluorescence (thin lines) spectra of PM59% (20-6
of the PM chromophore, has a similar molecular structure to ) in isooctane (a) and 2,2,2-trifluoroethanol (b).

that of the more extensively used pyrromethene 567 (PM567)
dye but withtert-butyl groups at positions 2 and 6 instead of
ethyl groups. The solvent effects on the absorption and
fluorescence bands are analyzed by a multicomponent linear
regression in which several solvent parameters are simulta-
neously analyzed. The fluorescence quantum yield and the
Stokes shift are analyzed to look for the best conditions to
improve the lasing efficiencies of this dye.

~

Experimental Section 100kt R
) ) 0 5 10 15 20 25 30 35 40
Pyrromethene 597 (laser grade) was supplied by Exciton and Time/ns

used as received. All solvents (Merck, Aldrich, or Sigma) were 5 32
spectroscopic grade and were used without further purification. Z 0.0
¥ 32

Dilute solutions of PM597 in several solvents were prepared :
by taking the appropriate volume of a concentrated stock PM597 Figure 3. Fluorescence decay curve of PM59% 2,06 M in acetone
solution in acetone and adding the corresponding solvent aftera! 20 °C. The signal is deconvoluted as a monoexponential decay
solvent vacuum evaporaton e e L ar Rl
UV —vis absorption and fluorescence (after excitation at 495 '
nm) spectra were recorded on a CARY 4E spectrophotometer
and a Shimadzu RF-5000 spectrofluorimeter, respectively.
Fluorescence spectra were corrected from the monochromato
wavelength dependence and the photomultiplier sensibility.
Fluorescence quantum yields) (were determined by means of
the corrected fluorescence spectra of a dilute solution of PM567
in methanol as a referencg € 0.91 at 20°C)!® and by taking
into account the solvent refractive index. Radiative decay curves
were recorded by means of a time-correlated single-photon UV —vis absorption and fluorescence spectra of the PM597
counting technique (Edinburgh Instruments mo@é&i900). dye are shown in Figure 2. In apolar solvents, the main
Emission was monitored at around 565 nm after excitation at absorption band is centered around 525 nm with a high molar
495 nm by means of a hydrogen flash lamp with 1.5-ns fwhm absorption coefficiente(~ 8 x 10* M~1 cm™1), whereas the
pulses and a 40-kHz repetition rate. fluorescence spectrum is centered around 565 nm with a
The photophysical properties of PM597 were recorded in fluorescence quantum yield around 0.40. Figure 3 shows the
dilute dye concentrations (2 10°¢ M) using a 1-cm optical fluorescence decay curve of the PM597 dye, which can be
pathway. The fluorescence decay curves were analyzed asanalyzed as a monoexponential decay < 1.2) with a
monoexponentialg < 1.2), and the fluorescence decay time fluorescence lifetime of-4.2 ns.
(r) was obtained from the slope. The estimated errors in the The absorption and fluorescence spectra of PM597 are shifted
determination ofp andtr were 5 and 1%, respectively. The rate to lower energies with respect to those of the well-known
constant for the radiativé() and nonradiativelq,) deactivation PM567° in a common solvent. These spectral shifts are
pathways were calculated to b&; = ¢/, andk, = (1— ¢)/t. attributed to the higher inductive electron-donor character of
The temperature was always kept at200.2 °C. For highly the alkyl groups at positions 2 and 6, which is higher tfnt-
concentrated dye solutions {02 M), we used the front-face  butyl groups (PM597) than for ethyl groups (PM567). However,
(reflection) configuration by orientating 0.1-, 0.01-, and 0.001- the bathochromic shift is lower in the absorption (7 nm) than
cm pathway cuvettes to 35 and°5&ith respect to the excitation  in the fluorescence (30 nm) bands, providing a larger Stokes
beam and the emission arm, respectively. shift for the PM597 dye 1350 cnt?) than for the PM567
Quantum mechanical calculations were performed by the dye (~600 cnt?). These results suggest an important geo-
AM1 semiempirical method as implemented in the MO-  metrical rearrangement in the 8xcited state for the former
PAC2000 softwar& that is included in the CHEM3D 7.0.0 dye. Indeed, PM dyes present Stokes shifts that are usea9
package (CambridgeSoft). The geometry optimization was madecm™1,46.2.15indicating a similar geometric structure for the dye

using the Eigenvector Followidgroutine, and the minimum
rgradient for convergence was imposed at 0.01 kcal/mol A. The
calculated geometry was considered to be adequately optimized
when the analysis of the vibrational frequencies did not give
any negative frequency.

Results and Discussion
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TABLE 1: Photophysics of the PM597 Dye in Dilute Solutions (2x 1076 M) of Several Solvents

Aab A Avs T €max ki Kor
solvent (£0.1 nm) (£0.4nm)  (cm™ (£0.05) (£0.01ns) (10*M~icm™?) (10’s™ (10’s™

1 2-methylbutane 527.1 569.0 1395 0.40 4.19 8.20 0.95 1.43
2 hexane 527.5 567.8 1345 0.43 4.35 8.25 0.98 131
3 c-hexane 529.0 571.2 1395 0.32 3.91 8.10 0.81 1.74
4 isooctane 527.5 569.0 1380 0.40 4.43 8.05 0.90 1.35
5 diethyl ether 525.1 565.4 1355 0.43 4.27 7.90 1.00 1.33
6 1,4-dioxane 525.1 565.4 1355 0.40 4.37 7.85 0.91 1.37
7 THP 525.1 566.6 1395 0.37 4.15 7.75 0.89 151

8 DMPF® 524.0 565.4 1395 0.35 4.69 5.89 0.74 1.38

9 acetone 522.5 563.6 1395 0.44 4.34 7.44 1.01 1.29
10 2-pentanone 523.7 562.6 1320 0.46 454 6.13 1.01 1.24
11 methyl formate 522.3 560.6 1310 0.47 4.45 7.55 1.05 1.19
12 methyl acetate 522.5 561.8 1340 0.48 4.44 7.85 1.08 1.17
13 ethyl acetate 523.2 562.4 1330 0.44 431 7.67 1.02 1.23
14 buthyl acetate 524.3 564.6 1360 0.43 451 7.85 0.95 1.26
15 acetonitrile 520.8 560.6 1365 0.44 4.27 7.60 1.03 1.31
16 1-octanol 527.3 565.0 1265 0.41 4.68 7.70 0.87 1.26
17 1-hexanol 526.7 565.4 1300 0.42 4.59 7.55 0.71 1.26
18 1-butanol 526.1 566.6 1360 0.39 4.33 7.70 0.90 1.40
19 1-propanol 525.3 564.6 1325 0.39 4.19 7.75 0.93 1.45
20 ethanol 524.3 563.2 1315 0.43 4.09 7.63 1.05 1.39
21 methanol 522.9 561.2 1305 0.48 421 7.58 1.14 1.23
22 F-ethanot 521.6 561.2 1355 0.49 4.64 7.01 1.05 1.10

aWavelength of absorption and fluorescence maximiupgndisq), Stokes shift Avsy), molar absorption coefficientfax), fluorescence quantum
yield (¢), and lifetime ¢), rate constants of radiativis) and non-radiativek,,) deactivation® THF— tetrahydrofuran; DMF dimethylformamide;
Fs-ethanot- 2,2,2-trifluoroethanol.

bathocromically shifted to a higher extent than the absorption
band. Moreover, the loss of planarity in the excited state of the
PM597 dye could explain the lower fluorescence quantum yield
(0.40) and lifetime (4.2 ns) in apolar solvents, with respect to
those of the PM567 dye~0.80 and 5.9 n$), owing to an
\104. increase in the nonradiative processes in PM597, as discussed
(3 T Dihedral angles: below.
" C1-C6-C5-C9 = 172.8° However, the shape of the absorption band of PM597 is
C5-C9-C8-C7 =3.6° independent of the dye concentrationl03 M in 0.01-cm-
Figure 4. Optlmlzed StrUCtU.re of PM597 by the Semiempirical AM1 pathway Cuvettes)’ at least in C_hexane’ ethy' acetate’ acetone,
method. The bond lengths (in A) and the bond angles (bold numbers) o201 methanol, and trifluoroethanal, suggesting the poor
are included within the molecular structure, and some representative . - . .
dihedral angles indicate the planarity of the chromophore. aggregatl(_)n_tendency O_f the PM59_7 d_ye n this C_oncent_ratlon
range. This is common in PM dyes in liquid organic solutions,
in the excited state and the ground state. The long Stokes shiftand it is a suitable behavior in the performance of active media
of PM597 seems to be a characteristic of this dye; more of dye lasers. Indeed, high dye concentration is necessary to
concretely, it should be related to the bulkiness oftdrebutyl bring about laser action, and the presence of aggregates could
groups at positions 2 and 6. drastically reduce the fluorescence quantum yield owing to the
Figure 4 shows the optimized geometrical structure of PM597 efficient quenching of the monomer fluorescence by the
in the ground state that was calculated by the semiempirical aggregate$’ However, experimental data indicate that the
AM1 method. The PM chromophoric system presents some fluorescence band is shifted to lower energies by increasing the
deviation from planarity, as reflected in the dihedral angle PM597 concentration. This bathochromic shift is attributed to
between the two pyrrole units (dihedral angle-€16—C5— reabsorption and reemission phenoniébacause the displace-
C9 = 172.8) and the distortion angle of the pyrrole rings ment is reduced by using narrower cuvettes and returns to the
(dihedral angle C#C8—C9—-C5 = 3.6°). Both pyrrole units value in dilute solutions for 0.001-cm pathway cuvettes. This

are nearly planar for the PM567 dye (dihedral angle-C8— result corroborates the importance of registering photophysical
C9—-C5 = 0.3), indicating that the loss of planarity for the properties in dilute solutions.
PM597 is due to steric hindrance between the 2- (andest) Table 1 lists the photophysical properties of PM597 in several

butyl groups with the corresponding adjacent 1- and 3- (and 5- solvents, including apolar, polar, and polar protic media. Both
and 7-) methyl groups. Indeed, X-ray data support this assump-absorption and fluorescence bands are shifted toward higher
tion because this dihedral angle is 3t8r PM597 and 0.8for energies by increasing the solvent polarity. The hypsochromic
PM56734 The distortion from planarity of the pyrrole rings in  shift is commonly observed in other pyrromethene 8yes
PM597 is higher in the excited state because the correspondingand suggests a diminution in the dipole moment of the
dihedral angle C*#C8—C9-C5 is calculated to be-4.8 by chromophore upon excitation. Quantum mechanical calculations
the CIS method® at the semiempirical AM1 level confirm this assumption. Indeed,
The higher bathochromic shift observed in the fluorescence the dipole moment of PM597 in the ground state is located in
band of PM597, with respect to the parent PM567, can be the short molecular axis (transversal axis). Figure 5 shows the
interpreted by the so-called Bruning€orwin effect3® Because calculated contour maps for the electronic distribution of the
the distortion of the geometry in the excited state implies a HOMO and LUMO states by the AM1 method. The electron
decrease in the resonance energy, the fluorescence band idensity at position 8 is augmented in the LUMO with respect
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Figure 5. HOMO and LUMO contour maps calculated by the AM1 method and resonance structures of the PM597 chromophoric core. Other
symmetrical resonance structures are not included.
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Figure 6. Correlation between the experimental absorption (A) and fluorescence (B) wavenumber with the predicted values obtained by a
multicomponent linear regression using thie, o-, andg-scale (Taft) solvent parameters. Solvent numbers are those in Table 1.

to that in the HOMO state. Taking into account the resonance and c,, C,, C;, and so forth are the adjusted coefficients that
structures of the PM chromophore (Figure 5), we observed thatreflect the dependence of the physicochemical propet®z(

the resonance structure “d” has the largest charge separatioron several solvent properties. Solvent properties that mainly
along the short molecule axis. Consequently, its contribution affect the photophysical properties of aromatic compounds are
would be more important in thep§round state than in theeS  polarity, H-bond donor capacity, and electron donor ability.
excited states. Thus, a polar solvent would stabilize thetsde Different scales for such parameters can be found in the
more extensively than the State, thereby increasing the energy |iterature: Taft et af3 propose ther*, o, andg scales, whereas
gap between both states and explaining the hypsosolvatochromignore recently Catalan et #l.suggest the SPP SA, and SB

shifts. The relatively low hypsochromic shift observed in the scales to describe, respectively, the polarity/polarizability and
absorption and fluorescence bands of PM598 am from the the acidity and basicity of the solvent.

lowest to the highest polar solvents) is assigned to the relatively
low variation of the dipole moment in they $3.53 D) and $
(2.37 D) states. Indeed, the small dipole moments characterizing
the § and S states of PM dyes are responsible for the weak
solvent effects on the spectral properties of these &yes.

To analyze the solvatochromic effects, we checked several
method-4%. Neither the absorption nor the fluorescence

Figure 6 shows the obtained correlations between the absorp-
tion and fluorescence wavenumbers calculated by the multi-
component linear regression employing the Taft-proposed
solvent parameters and the experimental values listed in Table
1. Table 2 lists the obtained adjustment and correlation
coefficients by the Taft and Catalan parameters. The two sets

wavenumbers linearly correlate with the Lippert parameter of solvent parameters. give qugli.tatively similar results. The
Af(e, n?),*t which considers the solvent polarity/polarizability, values of the corr(_alatlon coefflcu_ent are not cI_ose to unity
or with the Reichardt paramet&rN(30)342which takes into because the experimental errors in the absorptiod. X nm)_
account several solvent properties (polarity and H-bond donor @1 fluorescence 0.4 nm) wavelengths lead to a high
capacity) in a common parameter. For these reasons, a multi-dispersion of the.experlmental data through the linearity in a
parameter correlation analysis is employed in which a physi- Very low spectra intervai{8 nm) from the most apolar to the
cochemical property is linearly correlated with several solvent MOSt polar solvents.

parameters by means of eq 1: The dominant coefficient affecting the absorption and fluo-
rescence bands of PM597 is that describing the polarity/
(XY = (XY),+cA+cB+cC+.. Q) polarizability of the solventg, or cspg, and having a positive

value (Table 2), corroborating the above-mentioned hypsochro-
where KY2) is the physicochemical property in an inert solvent mic shifts with the solvent polarity. The coefficient controlling
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TABLE 2: Adjusted Coefficients ((vx)o, Ca, Co, and c;) and Correlation Coefficients (r) for the Multilinear Regression Analysis of
the Absorption v,, and Fluorescencery Wavenumbers and Stokes Shift Avs;) of the PM597 Dye with the Solvent Polarity/
Polarizability, and the Acid and Base Capacity Using the Taft &*, a, and §)* and the Catalan (SPP', SA and SB}* Scales,
Respectively

() (vo (CM™) o Co Cs r
ab 18 970 (-20) 300 @-40) ~110 35) 0.89
n 17 590 {-25) 280 €-50) 30 @-25) ~50 (+50) 0.81
Avs= vap— v 1370 -15) —30 (+15) —60 (+30) 0.61

(vy) (vxo (cm™?) Cspi Csa CsB r
Ve 18 630 (-60) 670 (-100) —40 (+£30) —180 (+45) 0.88
n 17 300 €-90) 570 (-150) 30 @-30) —85 (+60) 0.78
Avg= vap— g 1325 (+45) 100 £-70) —70 (£30) —95 (+30) 071

the H-donor capacity or acidity of the solven, or csa, is the

lowest coefficient (Table 2); therefore, the solvent acidity does 8.3
not play an important role in absorption and fluorescence
displacements. The adjusted coefficient representing the electron-
releasing ability or basicity of the solvent; or csg, has a
negative value (Table 2), suggesting that the absorption and
fluorescence bands shift to lower energies with the increasing
electron-donating ability of the solvent. This effect can be .
interpreted in terms of the stabilization of the resonance 113 Y,
structures of the chromophore (Figure 5). Resonance structure Y
“a” has the positive charge located at the nitrogen atom, and it 8.0
will be stabilized in basic solvents because this resonance
structure is predominant in thg State, as discussed above, and
the stabilization of the Sstate with the solvent basicity would
be more important than that of the Sate. Consequently, the
energy gap between the 8nd $ states decreases, and the
absorption and fluorescence wavelengths shift to longer wave-
lengths with increasing solvent basicity.

However, the fluorescence quantum yield and lifetime values ¢ ik the respective 1 and 3 and 5 and 7 adjacent methyl
of PMSQ; argélgnlgeneral, lower tr;an thoi‘? qbserved n Othersgroups. Such a distortion from planarity leads to an augmenta-
p¥/rrom_et Enes=in a common So Veﬂt' Thisisa consequcfen(r:]e tion of the nonradiative deactivation. Boyer efallso referred
of an important augmentation In the rate constant of the , yne nonplanarity of the PM chromophore provided by bulky

iati ivation(. &~ 1 . . .
nonradiative deactivatiork( ~ 1 x 10°s™, Table 1, for PM597 ¢ jqtitients to explain the low fluorescence quantum yield of
versusky &~ 0.3 x 10° s7! for PM5679) rather than a decrease  ¢yme PM and related compounds.

in the radiative deactivation, which remains similar to that of : .
C ! The present photophysical characteristics of PM597 would
1 SS
other PM dyes ¢10° s™%, Table 1). Consequently they suggest a lower lasing efficiency of this dye with respect to

glqtctrgmﬁ trarllsmokr; of F;M597 'sﬁ.St.'” ng SIS 'i al_?_?] reﬂeicteotl that of other dyes because of its lower fluorescence quantum

|r: IS f'fg tm?[r?r ?I sorption coe |C|etn ( a I?i )- d Ii St,o venf yield. However, high optical densities are required to produce

|a3|f/|0557 ects he duorefcenc_e quantum y'? /ant_ |e||meto laser signals and, under these conditions, the losses at the
, andg andr values increase in polar/protic solvents resonator cavity by the reabsorption and reemission effects can

(Table 1), although a general tendency in both parameters with be important. PM597 dye is characterized by a higher Stokes
respect to the solvent viscosity is not observed. These results

indi diative d o f PM597. which | shift with respect to that of other PM dyes, for instance, twice
indicate an extra nonradiative e‘"’_‘Ct'Va_t'On Of » WNICN'IS 44t observed in PM567, which would reduce the losses at the
not governed by the solvent viscosity. Figure 7 shows a

. resonator cavity by reabsorption and reemission effects, gov-
correlation between thk, valug and the fluorescence wave- erned by the overlap between the absorption and emission
_nur_nbe_r Of.P.M597 by changing the hature of the solvent_, spectra® Therefore, the low fluorescence quantum yield of the
indicating S|m!la!r solvent parameters affecting both photophysy PM597 dye could, to some extent, be compensated by its high
cal chargﬁgenshcs, as was also proposed for other aromatiCg,yag shift, and high laser efficiencies for PM597, similar to
syste;mé‘. G those for PM567, are obtainé#?3.24.5255

It is well known that the flexibility/rigidity of the dye can Because the Stokes shift of the PM597 dye is nearly solvent-
control the mechanics of internal conversion. The flexibility/ independent, polar solvents, where the highest fluorescence

g?'ﬂ"g Oratr:]aeri?rocr)?a:;](:e;?erre%?:]onndss C;grgfsfqﬁézfgslsn (t;rms quantum yield values are observed, are recommended to achieve
P Y . on sy I .. the highest laser efficiencies of PM597 in liquid media.
planarity, especially in the excited state, implies a less rigid

structure, and the excitation energy is more easily converted to
vibrational energy and dissipated as heat, enhancing the interna
conversion processes. Indeed, Drexf&geinted out that the The presence of bulkyert-butyl groups in the PM chro-
structure loosens up in some dyes upon excitation, enhancingmophore core originates a distorsion from planarity in the
the nonradiative deactivation processes. More concretely, thepyrrole units, mainly in the excited state, which leads to an
torsion of the pyrrole rings of PM597 is assigned to the steric increase in the rate constant of nonradiative deactivation and
hindrance between the bulkgrt-butyl group at positions 2 and  in the Stokes shift. Both photophysical factors have an opposite

]

T T T
17500 17600 17700 17800
v, (em)

Figure 7. Correlation between the rate constant of nonradiative
deactivation (lodk.r) with the fluorescence wavenumberg)in several
solvents. Solvent numbers are given in Table 1.

Fonclusions
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effect on the lasing efficiency of the dye. Thus, the increase in

the losses of the resonator cavity due to the augmentation in
the nonradiative processes could be compensated to some exterg
by a reduction in the reabsorption and reemission losses, owing

to the high Stokes shift. From this photophysical study, polar
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