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 A new and facile strategy for the development of photonic materials is 
presented that fufi lls the conditions of being effi cient, stable, and tunable 
laser emitters over the visible region of spectrum, with the possibility of 
being easily processable and cost-effective. This approach uses poly(methyl 
methacrylate) (PMMA) as a host for new dyes with improved effi ciency and 
photostability synthesized. Using a simple protocol, fl uorine atoms in the 
commercial (4,4-difl uoro-4-bora-3a,4a-diaza-s-indacene) ( F -BODIPY) by 
carboxylate groups. The new  O -BODIPYs exhibit enhanced optical proper-
ties and laser behavior both in the liquid and solid phases compared to their 
commercial analogues. Lasing effi ciencies up to 2.6 times higher than those 
recorded for the commercial dyes are registered with high photostabilities 
since the laser output remain at 80% of the initial value after 100 000 pump 
pulses in the same position of the sample at a repetition rate of 30 Hz; the 
corresponding commercial dye entirely loses its laser action after only 12 000 
pump pulses. Distributed feedback laser emission is demonstrated with 
organic fi lms incorporating new  O -BODIPYs deposited onto quartz substrates 
engraved with appropriated periodical structures. These dyes exhibit laser 
thresholds up to two times lower than those of the corresponding parent 
dyes with lasing intensities up to one order of magnitude higher. 
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  1. Introduction 

 Presently, the development of photonic 
materials fulfi lling the conditions of being 
effi cient, stable and tunable emitters over 
the visible region of the electromagnetic 
spectrum, with the possibility of being 
easily processable, and cost-effective, is 
an area of active research driven by the 
wide range of possible practical applica-
tions. Over the last years, a vast amount 
of work has been carried out on materials 
engineering, designing and synthesizing 
semiconductor polymers and organic, 
hybrid and inorganic systems nano- and 
mesostructured, doped with organic dyes 
and quantum dots. [  1  ]  Nevertheless, despite 
this extensive activity up to now none of 
the obtained materials happens to meet all 
the above requirements at the same time. 

 Our research group has contributed 
greatly to this effort, developing solid state 
dye lasers (SSDL) both in bulk matrices 
and waveguiding thin fi lms, on the basis 
of organic and/or hybrid materials doped 
with dyes with emission covering the 
spectral region from 550 up to 730 nm. [  2  ]  Albeit we have dem-
onstrated lasing effi ciencies as high as 60% in some particular 
case, the materials we have developed exhibit on average effi -
ciencies of about 30% with photostabilities that being higher 
than those reported by other researchers, demand nonetheless 
an improvement in order to guarantee the implementation of 
these materials in practical applications. In addition, our work 
has shown that there is not an universal material that optimizes 
the lasing behavior of all the different dyes, but that a specifi c 
dye/host combination is needed for each chromophore, which 
is determined by the photophysical and photochemical chromo-
phore's properties. 

 Here, we propose a new and facile strategy for the develop-
ment of laser materials economically affordable with optimized 
emission properties in the visible region of the spectrum. This 
approach implies the utilization of a commercial polymer 
(poly(methyl methacrylate), PMMA) competitive in cost and 
easily processable, as host for dyes with improved effi ciency 
and photostability. The chromophores are new derivatives of a 
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     Figure  1 .     Molecular structures of dyes synthesized herein and their 
parent dyes.  
single family of commercial dyes obtained following a simple 
and general synthesis protocol, which exhibits high reaction 
yields. The selected family of dyes was that of the so-called 
 F -BODIPYs (4,4-difl uoro-4-bora-3a,4a-diaza- s -indacene), devel-
oped in the late 1980s and early 1990s by Boyer and co-workers, 
because they exhibit high fl uorescence quantum yields, intense 
absorption, and tunable emission wavelength [  3  ]  as well as high 
chemical versatility to be functionalized. [  2b  ,  4  ]  Currently, these 
dyes have numerous applications such as fl uorescent probes in 
biological systems, photosensitizers for photodynamic therapy, 
and as materials for incorporation into electroluminescent 
devices. [  5  ]  

 Among the numerous modifi cations in the BODIPY core, the 
replacement of one or both of the fl uorine atoms in  F -BODIPYs 
has become an active area. Thus, a wide variety of BODIPY dyes 
have been synthesized via fl uorine displacement by alkyl or aryl 
derivatives ( C -BODIPY), [  5a–c  ,  6  ]  ethynyl groups ( E -BODIPY), [  5a–c  ,  6e  ,  7  ]  
and alkoxy or aryloxy derivatives ( O -BODIPY), [  5a–c  ,  6c  ,  6f–g  ,  8  ]  
including  O -chelated BODIPYs. [  9  ]  In addition, new types of 
boron modifi cations as borenium cations, [  10  ]   CN -BODIPY, [  6a  ] 

  H -BODIPY [  10  ]  and  Cl -BODIPY, [  6d  ,  6g–h  ]  have also been reported. 
 In one recent publication the authors evaluated the replace-

ment of one or both of the fl uorine atoms in 4,4-difl uoro-
1,3,5,7-tetramethyl-4-bora-3a,4a-diaza- s -indacene by acetoxy 
(AcO) groups in order to study the effect of an electron-with-
drawing carboxylate on the boron atom in BODIPY, and they 
found that mono- and di-AcO substituted BODIPYs exhibited 
excellent fl uorescence quantum yields and photostabilities. [  11  ]  
Furthermore, the AcO modifi cation on boron resulted in signif-
icantly improved water solubility, which is highly desirable for 
biological applications. [  11  ]  In another report about the stability 
of the BODIPY fl uorophore under acidic and basic conditions, 
a 4,4-dichloroacetoxy BODIPY was formed when 4,4-dimetoxi-
2,6-diethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza- s -indacene 
was mixed with an excess of dichloroacetic acid in CH 2 Cl 2 . [  6f   ]  
However, no fl uorescence study of this compound was explored. 

 Based on these observations, in the present work we report 
the synthesis and emission properties characterization of a 
library of  O -BODIPYs  1 – 10  ( Figure    1  ) from commercially avail-
able BODIPYs, in which two carboxylate (acetoxy or trifl uoro-
acetoxy) groups are connected to the boron center in the place 
of the fl uorine atoms. It is shown that these dyes are highly 
fl uorescent and exhibit enhanced laser action with respect to 
their  F -BODIPY analogues, both in liquid solution and solid 
phase. To investigate in depth the infl uence of the acetoxy sub-
stitutions on the BODIPY emission properties we have also 
synthesized, as a proof of concept, new  O -BODIPYs via fl uorine 
displacement by other carboxylate groups with different elec-
tronic character such as acryloyloxy, propioloyloxy, methoxy, or 
4-nitrophenoxy groups ( 11–14 ).    

 2. Results and Discussion  

 2.1. Synthesis 

 BODIPY dyes  1 – 14  were successfully obtained from commer-
cially available dyes [  12  ]  PM546, PM567, PM597, PM605 and 
PM650 through nucleophilic substitution reactions of fl uorine 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
atoms in the BF 2 -group. Thus, 4,4-diacetoxy BODIPYs  1 , 2 , 4  and 
 5  were prepared with moderate yields by treating 20 equiv of 
TMSOAc with 1 equiv of PM546, PM567, PM605 or PM650, 
respectively, in presence of 3-4 equiv of AlCl 3  as Lewis acid 
(method A). In all these cases the monosubstituted derivative is 
not isolated. The dye  3  could not be synthesized by this method, 
so that an alternative procedure (method B) was used for their 
preparation involving the generation in situ of TMSOAc from 
acetic acid and TMSCl, in the absence of AlCl 3 . Method B was 
also used in the synthesis of 4,4-bis(trifl uoroacetoxy) BODIPYs 
 6 , 7  and  9  by adding of TMSOCOCF 3 , generated in situ from tri-
fl uoroacetic acid and TMSCl, to the BODIPYs PM546, PM567 
and PM605, respectively. 4,4-Bis(acryloyloxy) BODIPY  11  was 
prepared by reacting of PM567 with TMSOCOCH  =  CH 2 , gen-
erated in situ from acrylic acid and TMSCl (method B), and this 
same method was used in the preparation of  12  from PM546 
with propargylic acid and TMSCl.  Scheme    1   shows the syn-
thesis of the dyes  2 , 7  and  11  from commercial BODIPY PM567.  

 Surprisingly, treatment of PM597 with TMSOCOCF 3  in 
1,2-dichloroethane resulted in a mixture of  15  (10%) and  6  
(22%) by loss of one or both  terc butyl groups present in the 
starting compound ( Scheme    2  ). Therefore, we were decided to 
develop an alternative procedure (method C). Thus, BODIPY 8  
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4195–4205
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     Scheme  1 .     Synthetic routes of derivatives  2 ,  7 , and  11  from parent dye 
PM567.  
was achieved by treatment of BODIPY PM597 with AlCl 3  in 
1,2-dichloroethane and subsequent addition of TMSOCOCF 3 , 
generated in situ as above (Scheme  2 ). Similarly, compound  10  
was successfully obtained from PM650 with moderate yield.  

 In addition, two other analogues, 4,4-dimethoxy  13 , [  6f   ]  and 
4,4-bis(4-nitrophenyl)  14  were synthetized according to proce-
dure described in the literature or through the method A men-
tioned above.   

 2.2. Photophysical Properties 

 The selected commercial BODIPY laser dyes span a wide region 
of the visible spectrum; hence, the emission can be tuned from 
the green-yellow to the red as it is illustrated in  Figure    2  . The 
progressive bathochromic shift of the spectral bands is due to 
inductive donor effects of the alkyl groups at positions 2 and 
6 (PM567 and PM597 vs PM546) or the electron withdrawing 
character of methylenacetoxy (PM605) or cyano (PM650) 
groups at position 8, which lead to a net stabilization of the 
LUMO molecular orbital. [  4a  ]  Except for the PM650 derivative, 
where a fl uorescence quenching intramolecular charge transfer 
state is operative, [  4a  ]  these BODIPYs outstand by their bright 
and stable emission. For this reason, the set of derivatives from 
PM650 will be discussed later on.  
© 2013 WILEY-VCH Verlag G

     Scheme  2 .     Synthetic routes of derivatives  6 ,  8 , and  15  from parent dye PM
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 At fi rst sight, the replacement of the fl uorine atoms by alcoxy 
or aryloxy derivatives should have minor infl uence on the pho-
tophysical properties of the chromophore since the BF 2  group 
does not take part in the delocalized π-system and acts as a 
bridge to keep the planarity and rigidity of the indacene core. 
For this reason, as is shown in  Table    1  , the positions of the 
spectral bands of the new  O -BODIPYs are almost those of their 
respective  F -BODIPY counterparts. Besides, the solvent effect 
on the photophysical properties follows the normal trends 
previously described for  F -BODIPYs (Table S1–S4 in the Sup-
porting Information); i.e., small hypsochromic spectral shifts 
with the solvent polarity and low dependency of the fl uores-
cence quantum yield with the solvent characteristics.  

 Moreover, and as a common rule except for the dyes  13  and 
 14  that will be discussed later on, the fl uorescence quantum 
yield and lifetime of the new  O -BODIPYs increase with respect 
to the commercial ones, ameliorating the emission properties of 
the commercial  F -BODIPYs, which were considered as a bench-
mark in fl uorescence and laser behavior in the middle ener-
getic part of the visible spectrum (Table  1 ). [  6b  ,  11  ]  The enhance-
ment of the emission properties of the  O -BODIPYs depends on 
the electronic character of the carboxylate groups connected to 
the boron center in the following manner: while the fl uorine 
displacement by the electron withdrawing acetoxy group ( 1-4 ) 
maintains or slightly improves the high fl uorescent ability of 
the BODIPYs, a further increase in the electron acceptor char-
acter of the substituent via the inclusion of trifl uoroacetoxy 
groups ( 6–9 ) leads to an even more signifi cant improvement 
on the fl uorescence quantum yield, which reaches nearly the 
unit in some solvents. Moreover, the same statement holds true 
for the attachment of other electron withdrawing carboxylate 
groups, such as acryloyloxy ( 11 ) or propioloyloxy ( 12 ). 

 It is noteworthy to remark the important improvement 
achieved in the fl uorescent effi ciency of PM597 through the 
replacement of fl uorine atoms by carboxylate groups, thus, 
its fl uorescence quantum yield increases from 0.43 up to 0.58 
and 0.76 for its  3  and  8   O -BODIPYs derivatives, respectively 
(Table  1 ). The photophysical properties of the parent PM597 
are controlled by the sterical hindrance induced by the  tert -butyl 
groups at positions 2 and 6, which twists the planarity of the 
chromophore leading to an increase of both the internal con-
version probability and the Stokes shift with respect to other 
planar BODIPYs such as, for instance, PM567. The  3  and  8  
mbH & Co. KGaA, Wein

597.  
derivatives exhibit lower non-radiative rate 
constant than PM597, which could be related 
to the infl uence of the carboxylate group in 
the mole cular geometry. 

 Overall, quantum mechanics calculations 
predict that the carboxylates are symmetri-
cally disposed up and down the indacene 
core, both in the ground and excited state 
( Figure    3  ). Whereas the planarity of most 
of the  O -BODIPYs remains the same 
regarding to their parent  F -BODIPYs, a 
slight increase in the planarity is predicted 
for the PM597 derivatives since the dihedral 
angles, accounting for the pyrrole disposi-
tion with respect to the central ring, increase 
in around 3° in the excited state. However, 
4197wileyonlinelibrary.comheim
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     Figure  2 .     Normalized absorption and fl uorescence spectra of commercial  F -BODIPYs in a 
common solvent (cyclohexane).  
such enhancement seems to be not strong enough to explain 
the important reduction observed in the internal conversion 
processes upon displacement of fl uorine by carboxylate in the 
PM597 dye.  

 On the other hand, the photophysics behavior of the new 
 O -BODIPY dyes depends strongly on the electronic character 
of the carboxylates substituent. Thus, the replacement of fl uo-
rine in PM567 by an electron donor methoxy group ( 13 ) has 
the opposite effect on the photophysical behavior with respect 
to that induced by electron withdrawing carboxylates since the 
presence of the–OCH 3  groups leads to a small reduction in the 
fl uorescence quantum yield of the chromophore. 

 The opposite infl uence of the carboxy groups in the fl uo-
rescence quantum yield depending on their electronic char-
acter was analyzed in terms of the charge distribution in the 
corresponding excited states (Figure S1–S4 in the Supporting 
Information). In fact, the linkage of carboxylates to the boron 
atom implies a rearrangement in the chromophoric charge 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei

   Table  1.     Photophysical properties of commercial  F -BODIPYs (PM546, PM567, PM597 an
cyclohexane; absorption ( λ  ab ) and fl uorescence ( λ  fl  ) wavelength at the maximum, Stokes shift (
rescence quantum yield ( ϕ ) and lifetime ( τ ), and radiative ( k  fl  ) and non-radiative ( k  nr ) rate const
collected in the Supporting Information (Table S1–S4). 

  λ  ab  
[nm]

 ε  max  
[10 −4 M −1 cm −1 ]

 λ  fl   
[nm]

Δ ν  St  
[cm −1 ]

 ϕ  

PM546 499.5 9.7 509.5 400 0.91

 1 501.0 9.5 508.0 275 0.91

 6 502.0 10.2 509.5 295 0.95

 12 502.0 8.2 511.0 350 0.99

 14 499.5 11.6 511.0 450 0.89

PM567 522.5 9.3 537.0 520 0.88

 2 522.0 8.5 537.0 535 0.84

 7 525.5 7.8 541.5 565 0.94

 11 523.5 8.1 541.0 620 0.90

 13 522.0 8.0 539.5 620 0.81

PM597 529.0 8.1 571.0 1395 0.43

 3 530.5 7.0 573.0 1400 0.58

 8 532.5 5.4 571.0 1265 0.76

PM605 547.5 8.6 561.0 435 0.74

 4 548.5 8.0 563.0 470 0.76

 9 551.0 7.8 564.0 420 0.80
distribution, as it is refl ected for PM567 in 
Figure  3 . The acetoxy group behaves as an 
electron acceptor group (Hammet parameter, 
 σ  p   =  0.31). [  13  ]  Thus, its attachment to the boron 
leads to an increase of the positive charge 
in this last atom, while the oxygen acquires 
a negative charge much higher than of the 
fl uorine in the corresponding  F -BODIPYs. 
Such trend is more pronounced as the elec-
tron withdrawing character of the carboxy-
late substituent increases, for instance, in 
the case of the trifl uoroacetoxy group ( σ  p   =  
0.46). However, the replacement of fl uorine 
atoms by electron donor methoxy groups ( σ  p   =  
–0.27) leads to the opposite behavior; the positive charge in 
the boron atom decrease and the oxygen results less negatively 
charged (Figure  3 ). 

 This rearrangement of the electronic charges around the 
boron atom determines the charge distribution of the chromo-
phore (usually described as a cyclic cyanine). In fact, the nega-
tive charge of the aromatic nitrogen atoms decreases upon the 
presence of carboxylate groups (Figure  3  and Figure S1–S4 in 
the Supporting Information). This trend suggests that the elec-
tron lone pair is less localized in the nitrogen and tends to be 
more delocalized through the cyanine system. Furthermore, 
the charge alternation is softened, which is also indicative of 
higher delocalization. In addition, the aromatic character of 
the chromophore can be roughly evaluated by means of the 
Bond Length Alternation (BLA) parameter, which is defi ned 
as the difference between the average carbon-carbon bond 
lengths of alternative single and double bonds in the chromo-
phoric π-system. [  14  ]  Regarding the corresponding values for 
nheim

d PM605) and their corresponding  O -BODIPYs in 
Δ ν  St ), molar absorption at the maximum ( ε  max ), fl uo-
ants. The full photophysical data in several media are 

 τ  
[ns]

 k  fl   
[10 −8  s −1 ]

 k  nr  
[10 −8  s −1 ]

5.23 1.74 0.17

5.40 1.68 0.17

5.52 1.72 0.10

5.62 1.76 0.02

5.94 1.50 0.18

5.60 1.57 0.21

5.71 1.47 0.28

6.25 1.50 0.10

5.98 1.50 0.17

5.64 1.44 0.34

3.91 1.10 1.46

4.58 1.27 0.92

5.99 1.27 0.40

6.27 1.18 0.41

6.37 1.19 0.38

6.99 1.14 0.28

Adv. Funct. Mater. 2013, 23, 4195–4205
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     Figure  3 .     Electrostatic potential maps, ChelpG charge distribution (the corresponding data for the symmetrical counterpart in the chromophore are 
not included) in the excited state and the corresponding excited state geometries (at two different views) for PM567 dye and its derivatives  7  (tri-
fl uoroacetoxy) and  13  (methoxy). The electronic density distributions for all the derivatives are collected in Figure S1–S5 in the Supporting Information.  

     Figure  4 .     Fluorescence decay curves of compound  14  in a) cylochexane, 
b) methanol, and c) trifl uoroethanol.  
the  F -BODIPYs and their respective  O -BODIPYs, listed in 
Figure S1-S4 in the Supporting Information, the BLA parameter 
for dyes bearing acetoxy groups remains similar to that of their 
parent BODIPY (i.e., compound  2  (0.0227) vs PM567 (0.0222), 
in Figure S2, Supporting Information), but decreases for the 
derivatives bearing trifl uoroacetoxy groups (i.e., compound  7  
(0.0192) in Figure S2, Supporting Information). This tendency 
of the BLA parameter points out a higher aromaticity of the 
chromophore induced by the presence of electron withdrawing 
carboxylates, in good concordance with the enhancement of the 
fl uorescence quantum yield experimentally observed. However, 
the presence of methoxy groups with electron donor character 
leads to an enhancement in the BLA parameter (0.0260 for 
compound  13  in Figure S2, Supporting Information) in line 
with the recorded decrease in the fl uorescence effi ciency. This 
evolution is even more pronounced for the PM597 derivatives 
 3  and  8  (0.0225, 0.0217 and 0.0181, respectively in Figure S3 in 
the Supporting Information). This fact, together with the slight 
increase in its planarity, could explain why this dye is the most 
sensitive system to the fl uorine replacement by carboxylates. 

 On the other hand, aryloxy groups (4-nitrophenoxy) have 
also been attached to the boron of PM546 (compound  14 ), 
replacing the fl uorine atoms. While in apolar solvents the fl uo-
rescence effi ciency keeps similar to the parent PM546 (Table  1 ), 
an increase in the polarity of the surrounding environment 
implies a progressive decrease of the fl uorescence quantum 
yield, becoming almost negligible in the most polar solvents 
(from 0.89 in c-hexane to 0.05 in F 3 -ethanol, Table S1 in the 
Supporting Information). At the same time, as is refl ected 
in  Figure    4  , the fl uorescence decay gets faster and eventually 
biexponential with a dominating lifetime of 0.18 ns, which 
reaches a contribution higher than 97% in F 3 -ethanol (Table S1 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4195–4205
in the Supporting Information). The presence of such fast 
lifetime indicates the presence of an extra non-radiative deac-
tivation pathway, which is getting a higher infl uence as the 
solvent polarity increases and leads to very low fl uorescence 
quantum yield in those media, in contrast to the rest of related 
 O -BODIPYs where the fl uorescence effi ciency remains almost 
constant regardless of the solvent properties. Such fl uorescence 
quenching in compound  14  and mainly in polar media sug-
gests the activation of an intramolecular charge transfer (ICT) 
state from the BODIPY core to the nitro group, which is char-
acterized by its strong electron withdrawing ability ( σ  p   =  0.78). 
In fact, the presence of ICT states induced by the direct attach-
ment of nitro groups to the BODIPY core have been previously 
reported. [  15  ]  Therefore, although we have concluded before that 
the replacement of fl uorine by electron withdrawing alcoxys 
4199wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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   Table  2.     Photophysical properties of the PM650 and its corresponding  O -BODIPYs ( 5  and  10 ) in cyclohexane and methanol. The full photophysical 
data in several media are collected in Supporting Information (Table S5). 

  λ  ab  
[nm]

 ε  max  
[10 −4 M −1 cm −1 ]

 λ  fl   
[nm]

Δ ν  St  
[cm −1 ]

 ϕ   τ  
[ns]

 k  fl   
[10 −8  s −1 ]

 k  nr  
[10 −8  s −1 ]

PM650

c-hexane 589.5 5.3 599.5 290 0.36 4.67 0.77 1.37

Methanol 587.5 4.1 609.0 605 0.060 1.29 0.46 7.29

 5 

c-hexane 588.5 4.5 600.5 340 0.39 5.19 0.75 1.17

Methanol 589.0 3.7 610.0 585 0.073 1.54 a) 0.47 6.02

 10 

c-hexane 591.0 3.8 599.0 225 0.47 5.99 0.78 0.88

Methanol 591.0 2.7 609.5 515 0.11 2.23 0.49 3.99

    a) Main component (>98%) of the biexponential fi t of the decay.   
ameliorates the fl uorescence of the dye, if the electron acceptor 
capacity of these substituent groups is too high, it could give 
rise to an extra non-radiative pathway (ICT), which quenches 
the fl uorescence emission mainly in polar media.  

 Whereas all the above commented  F -BODIPYs, were char-
acterized by a bright fl uorescence regardless of the media, the 
emission properties of the PM650 are limited by the presence 
of an ICT state induced by the electron withdrawing cyano 
group ( σ  p   =  0.66) attached at position 8 (in a similar way to 
compound  14 ). [  4a  ]  Thus, the fl uorescence effi ciency of this fl uo-
rophore, especially in polar solvents, is lower than that exhib-
ited by other commercial BODIPYs ( Table    2   and Figure S5 in 
the Supporting Information). Furthermore, it was previously 
reported the unstability of PM650 dye in certain solvents (most 
of them characterized as electron donors) [  16  ]  since its solutions 
were completely bleached after some hours or days, depending 
of the solvent nature, as result of a specifi c interaction of the 
cyano group and those solvents. For this reason, all data listed 
for the derivatives of PM650 have been registered just after 
sample preparation.  

 In general, the replacement of the fl uorine by carboxylates 
in PM650 follows the above commented trends for alkylated 
BODIPYs; thus, the presence of acetoxy ( 5 ) and mainly trif-
luoroacetoxy ( 10 ) improves the fl uorescence capacity of the dye 
(Table  2 ). However, the presence of the quenching ICT process 
limits the fl uorescence performance of these derivatives in 
polar media, and, although the fl uorescence quantum yield is 
ameliorated it is still too low (around 0.1 in methanol in the best 
case, Table S5 in the Supporting Information) to achieve good 
laser performance. Whereas the presence of such quenching 
ICT state is harmful for the laser performance, it enables to 
apply PM650 and their O-BODIPYs derivatives as polarity sen-
sors. The stabilization of the ICT state depends markedly of the 
solvent polarity, thus, the polarity of the surrounding environ-
ment can be monitored by means of the decrease in the fl uo-
rescence effi ciency in such media or the change in the fl uores-
cence colour (followed just with a naked eye) if the ICT state 
emits. [  17  ]  On the other hand, compounds  5  and  10  show also a 
lack of stability, even more pronounced than in the parent com-
mercial PM650 and after few hours most of the solutions are 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
bleached. Overall, the HOMO molecular orbital is stabilized 
when changing from  F -BODIPYs to  O -BODIPYs. Nevertheless, 
the carbon of the cyano gets a higher positive charge (from 
0.463 in PM650 to 0.511 and 0.516 in compounds  5  and  10 , 
respectively, Figure S5 in theSupporting Information), whereas 
the nitrogen gets a slight higher negative charge. Therefore, the 
specifi c interaction of the cyano (through its carbon) with elec-
tron donor solvents should be more feasible in the  O -BODIPYs, 
explaining its lower chemical stability than the reference 
PM650. 

 Summarizing, the replacement in the BODIPY core of fl u-
orine atoms by electron withdrawing carboxylates is a good 
strategy to improve the fl uorescence behavior, since it leads to 
more aromatic chromophores and, consequently, an enhanced 
laser action both in liquid and solid phase is expected.  

 2.2.1. pH-Dependence and Solubility Studies 

 To accomplish the characterization of the new  O -BODIPYs 
their pH stability and water solubility were carefully studied. As 
a proof of concept, we detail the results achieved for the deriva-
tives  1  and  6  related to the behavior exhibited by their parent 
dye PM546, under otherwise identical experimental condi-
tions. The pH-dependence experiments of the BODIPY fl uoro-
phores  1  and  6  reveals that theses BODIPYs were less degraded 
in acidic and basic conditions than the commercial PM546 
(Figure S6 in the Supporting Information). This behavior could 
be understand taking into account that the BF 2  bridge is the 
most labile position of the BODIPY and, consequently, it could 
be the most suitable position to be attacked by acids or bases. 
It seems that the charge redistribution around the boron atom 
(increase of its positive charge) upon the replacement of fl uo-
rine by carboxylates strengthens the ionic B−N bond leading to 
dyes more robust to extreme pHs. In fact, theoretical calcula-
tions predict a slight decrease in such bond length (except for 
PM650) from ≈1.54 to 1.51 induced by the presence of trifl uoro-
acetoxy groups. 

 Moreover, a solubility study was carried out with the 
BODIPYs above mentioned. The results obtained show that 
compounds  1  and  6  are more soluble in water than the parent 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4195–4205



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

   Table  3     Lasing properties of commercial  F -BODIPYs and their new derivatives at the dye concentrations that optimize their laser action in ethyl 
acetate solutions. [c]: dye concentration; Eff: lasing effi ciency (ratio between the energy of the laser output and the pump energy incident on the 
sample surface);  λ  l : peak wavelength of the laser emission; Intensity of the laser-induced fl uorescence emission ( I  n ) after  n  pump pulses for dyes in 
ethyl acetate solution  λ  exc : pumping wavelength. 

  λ  exc   =  355 nm, 5 Hz  λ  exc   =  532 nm, 10 Hz

PM546  1  6  12  14 PM567  2  7  11  13 PM597  3  8 PM605  4  9 PM650  5  10 

[c]/mM 2.5 3.8 7.5 2.5 2.5 1.5 1.5 0.6 1.5 9 0.5 0.9 0.9 0.6 0.6 0.6 0.9 1.4 0.5

Eff (%) 23 43 53 59 16 48 63 68 65 59 53 59 65 55 60 67 35 50 55

 λ  l /nm 541 544 541 542 541 566 566 562 563 565 588 586 587 586 591 592 657 655 661

 I  n  (%)  a) 60 100 100 100 50 17 98 100 90 30 85 100 100 20 65 91 80 30 50

n/1000 100 100 100 100 100 100 100 100 100 100 100 100 100 40 70 100 100 50 70

    a)  I  n  (%)  =  100 ( I  n / I  0 ), with  I  0  being the initial intensity.   
PM546. Thus, while the PM546 is hydrophobic and it is not 
soluble in water, the dyes  1  and  6  exhibit 20 and 35 µg/mL, 
respectively, solubility in water, which is an important addi-
tional advantage of  O -BODIPYs, in terms of their biological 
applications.    

 2.3. Lasing Properties  

 2.3.1. Liquid Phase 

 According to the absorption properties of the new BODIPYs 
(Table  1  and  2 ), their lasing properties were studied under 
pumping at 355 nm (dyes  1 , 6 , 12  and  14 , analogues of PM546) 
and 532 nm (all the other derivatives). Under our experimental 
conditions (transversal excitation and strong focusing of the 
incoming pump radiation) the concentration of the dyes should 
be in the millimolar range, to ensure total absorption of the 
pump radiation within the fi rst millimeter at most of the solu-
tion, in order to obtain an emitted beam with near-circular 
cross-section and optimize the lasing effi ciency (ratio between 
the energy of the dye laser output and the pump energy incident 
on the sample surface). To determine the dye concentration 
that optimizes the laser emission for the different deriva-
tives, fi rst the dependence of their laser emission on the cor-
responding dye concentrations was analyzed in ethyl acetate by 
varying the optical densities from 4 to 40, while keeping all the 
other experimental parameters constant.  Table    3   summarizes 
the concentrations that produced the highest lasing effi ciencies 
in each case as well as the corresponding lasing wavelengths. 
© 2013 WILEY-VCH Verlag Gm

   Table  4.     Lasing effi ciencies for the commercial  F -BODIPY dyes and their ne

Solvent  λ  exc   =  355 nm

PM546  1  6  12  14 PM567  2  7  11 

F 3 -ethanol a) 39 47 40 30 47 49 45

Methanol 45 58 49 5 34 54 58 53

Ethanol 44 56 50 7 36 52 59 57

Ethyl acetate 23 43 53 59 16 48 63 68 61

Acetone 14 37 52 14 36 55 57 60

    a)  F 3 -ethanol: 2,2,2,-trifl uoroethanol   
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It can be appreciated in Table  3  that in all cases the lasing effi -
ciency of the derivatives is higher than that of the commercial 
parent dye, with the highest lasing effi ciencies being obtained 
in the derivatives incorporating trifl uoroacetoxy groups ( 6–10 ).  

 Following the photophysical analysis, the actual effect of 
the solvent on the dye laser action was analyzed in solutions 
of polar protic and polar aprotic solvents. Although the photo-
physical studies showed that the new derivatives exhibited their 
highest fl uorescence capacity when dissolved in apolar solvent c -
hexane, the low solubility of the synthesized  O -BODIPYs in 
this solvent prevented preparation of solutions of the dyes in 
 c -hexane at the concentration required for laser experiments 
under the pumping conditions selected in the present work. In 
all the other solvents, each dye was dissolved at the concentra-
tion that was found to optimize its emission in ethyl acetate 
(that is, the concentrations tabulated in Table  3 ). 

 In  Table    4   are presented the lasing properties of the new 
 O -BODIPYs as a function of the solvent, together with those 
of the corresponding parent dyes. The lasing behavior of the 
new compounds is in good agreement with their photophysical 
properties (Table S1–S5 in the Supporting Information). In 
the acetoxy derivatives  1–4  the photophysics changes little in 
the different solvents and so does the lasing effi ciency, which 
nevertheless improves in general that of the parent dyes, in 
accordance with the improvement of the fl uorescence capacity 
of those derivatives with respect to the parent dyes.  

 As discussed in the previous section, the inclusion of the 
trifl uoroacetoxy groups in the BODIPYs further enhanced 
the fl uorescence capacity of the parent dyes. Correspondingly, 
derivatives  6 – 9  exhibit consistently higher lasing effi ciencies 
4201wileyonlinelibrary.combH & Co. KGaA, Weinheim

w derivatives in different solvents.  λ  exc : pumping wavelength. 

 λ  exc   =  532 nm

 13 PM597  3  8 PM605  4  9 PM650  5  10 

39 56 54 58 51 57 61 27 33 38

48 54 52 60 55 58 60 12 27 31

51 51 52 59 56 60 64 21 25

59 53 59 65 55 60 67 35 50 55

55 50 53 60 57 59 65 31 44 49



FU
LL

 P
A
P
ER

4202

www.afm-journal.de
www.MaterialsViews.com

   Table  5.     Lasing properties of dyes incorporated in solid PMMA matrices. 
Eff: lasing effi ciency;  λ  l : peak laser emission wavelength;  I  n (%): inten-
sity of the laser output after  n  pump pulses in the same position of the 
sample,  I  n (%)  =  100( I  n / I  0 ), where  I  0  is the initial intensity. 

Dye Eff 
[%]

 λ  l  [nm]  I  100000  [%] a)   I  n  [%] b)   n  

PM567 34 566 30 0 12000

 2 49 568 80 0 40000

 7 56 568 100 80 100000

 11 47 567 100 0 100000

    a) Pumping at 10 Hz;      b) Pumping at 30 Hz.   
than compounds  1 – 4 . In the compounds  7 – 9 , the highest lasing 
effi ciencies (an impressive 65-67%) are obtained in ethyl acetate, 
which is the solvent where those dyes have the highest quantum 
yield and radiative rate constant as well as the lowest nonradia-
tive rate constant. In compound  6 , the highest quantum yield 
and radiative rate constant and the lowest nonradiative rate 
constant are achieved in methanol, and thus it is in this solvent 
where the highest lasing effi ciency (58%) is observed. 

 The derivatives of PM567 with acryloyloxy ( 11 ) and methoxy 
( 13)  groups do not improve the lasing effi ciencies demon-
strated with the trifl uoroacetoxy derivative  7 , in accordance 
with their lower fl uorescence quantum yields and higher non-
radiative rate constants, albeit compound  11  improves slightly 
de emission effi ciency of derivative  2 , also in agreement with 
the slightly better photophysical parameters of 11  as compared 
with  2  (Table S2 in the Supporting Information). In the group 
of dyes pumped at 355 nm, compound  12 , derivative of PM546 
incorporating propiloyloxy groups, exhibits much higher lasing 
effi ciencies than the parent dye and the other derivatives, with 
the exception of compound  6 , which has better laser emission 
in polar protic solvents. This behavior refl ects the photophysical 
properties: as can be seen in Table S1 in the Supporting Infor-
mation, in polar protic solvents  6  has higher quantum yields 
and lower nonradiative constants than  12 , but the contrary 
happens in polar aprotic solvents. Compound  14 , on the other 
hand, is the one with the poorest lasing performance as a result 
of the fl uorescence quenching processes discussed above, when 
considering the photophysical properties of the new derivatives. 

 Regarding dye PM650 and its derivatives  5  and  10 , as we 
have discussed in the previous section their emission properties 
are limited by the presence of an ICT state, which results in low 
fl uorescence quantum yields in polar media. As a result their 
lasing effi ciencies are lower than those of the other compounds 
pumped at 532 nm. As seen in Table S5 (Supporting Informa-
tion), the fl uorescence performance of these dyes is somewhat 
improved in polar aprotic solvents, which correlates with their 
higher lasing effi ciencies in ethyl acetate and acetone, as com-
pared with those observed in F 3 -ethanol, methanol and ethanol. 

 An important parameter for any practical application of the dye 
lasers is their lasing photostability under repeated pumping. In 
Table  3  are collected data on the decrease of the laser-induced fl u-
orescence intensity, under transversal excitation of capillary con-
taining dye solutions in ethyl acetate (see Experimental Section), 
after a given number  n  of pump pulses, for both the commercial 
dyes and their derivatives synthesized in the present work. Dye 
PM546 and its derivatives  1  and  6  were pumped at 355 nm and 
5 Hz repetition rate. All the other dyes were pumped at 532 nm 
and 10 Hz repetition rate. The pump energy was in all cases 5 mJ. 

 It has to be remarked that all the newly synthesized  O -BODIPYs 
are more photostable than the corresponding  F -BODIPYs, with 
the exception of  14  and derivatives of PM650, which lower sta-
bility refl ects their lower chemical stability, due to the mechanism 
discussed above, when analyzing their photophysical properties.   

 2.3.2. Bulk Solid State 

 The excellent laser performance exhibited by the new dyes in 
liquid solution led us to explore their behavior as photo nic 
materials, either in bulk as SSDLs or incorporated into 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
waveguiding structures. To this end, as a proof of concept, we 
chose dye PM567 as reference with which to compare the laser 
behavior of derivatives  2  and  7  under identical experimental 
conditions. As matrix material we chose PMMA because it 
mimics ethyl acetate, the solvent in which those dyes exhib-
ited the highest lasing effi ciencies in liquid solution (Table  4 ). 
The dye concentration in the matrix was that which optimized 
the lasing effi ciency in ethyl acetate (Table  3 ). We have seen in 
previous work [  18  ]  that the covalent bonding of the chromophore 
to the polymeric matrix improves signifi cantly the dye photo-
stability because new channels are open to dissipate the excess 
energy released to the medium as heat. To check out the effect 
of this mechanism in the present case, PMMA matrices were 
also prepared incorporating dye  11 , which is an  O -derivative of 
PM567 with acrylic bonds that allow the covalent bonding of 
the dye to the polymeric chains.   

 Table 5   collects the lasing performance of the different dyes. 
The lasing effi ciencies of the new materials based on PMMA 
doped with O -BODIPYs enhance signifi cantly those recorded 
with the commercial PM567 and correlate with those obtained 
in liquid solution, with the effi ciency of dye  7  being the highest 
and being maintained the relationship: Eff (PM567) < Eff 
( 11 ) < Eff ( 2 ) < Eff ( 7 ). These effi ciencies are lower than those 
obtained in liquid solution, probably due to the fact that the fi n-
ishing of the surface of the solid samples relevant to the laser 
operation was not laser-grade, so that higher effi ciencies are to 
be expected with laser-grade surfaces.  

 To assess the photostability of the new materials we followed 
the evolution of their laser emission under repeated pumping 
in the same position of the sample at 10 Hz repetition rate. 
All the three derivatives demonstrated a much higher photo-
stability than the parent dye PM567 (Table  5 ). After 100 000 
pump pulses, the emission of compound  2  dropped by 20%, 
but the lasing intensity of both derivatives  7  and  11  remained 
constant at the initial level. Trying to distinguish more clearly 
the photostability behavior of the different dyes, we decided to 
subject the dyes to more drastic pumping conditions. We had 
demonstrated in previous work that the accumulation of heat 
into polymeric SSDLs increases signifi cantly with the pumping 
repetition rate, resulting in a decrease in the lasing photosta-
bility. [  19  ]  Consequently, we proceeded to pump the SSDLs at 
30 Hz repetition rate. The results are collected in the last two 
columns of Table  5 . To facilitate comparison of the results 
obtained in a more intuitive way, the actual evolution of the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4195–4205
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     Figure  5 .     Normalized laser output as a function of the number of pump 
pulses in the same position of the sample of parent dye PM567 and its 
derivatives  2 ,  7  and  11 . Pump energy and repetition rate: 3.5 mJ pulse −1  
and 30 Hz, respectively.  
laser emission of the different dyes at 30 Hz repetition rate is 
showed in  Figure    5  .  

 Compound  11  being covalently bonded to the polymeric 
chains improves the heat dissipation and, consequently, the 
lasing photostability with respect to dye  2 , which is merely 
solved into the matrix. However, the highest photostability is 
achieved with PMMA doped with dye  7 , with a drop in its emis-
sion intensity of just 20% after 100,000 pump pulses. These 
unexpected results can be understood in the light of the pho-
tophysics of compounds  7  and  11  (Table S2 in the Supporting 
Information). While the fl uorescence quantum yield and radia-
tive rate constant of compound  7  in ethyl acetate are just some-
what higher than those of compound  11 , the nonradiative rate 
constant of  7  is much lower than that of  11 . That means that 
the energy not converted into laser emission, which appears in 
the medium as heat, is much lower in  7  than in  11 , which more 
than compensates the higher dissipation rates in the matrix 
doped with the covalently bonded dye  11 .   

 2.3.3. Thin Films 

 In the previous section, we have studied the laser properties of 
the newly synthesized dyes operated as conventional two-mirror 
lasers. Nevertheless, there has been signifi cant work over the 
last few years exploring the development of organic thin fi lm 
lasers based on dye doped polymers because of their potential 
applications as coherent light sources suitable for integration 
in optoelectronic and disposable spectroscopic and sensing 
devices. [  1d  ]  In order to explore the suitability of the newly syn-
thesized dyes for integrated devices, we implemented distrib-
uted feedback (DFB) lasers, the most common resonator type 
for organic thin fi lm lasers. [  1a  ]  

 In DFB lasers, light propagating in a waveguide mode of 
the organic fi lm is Bragg-scattered by a wavelength-scale peri-
odic modulation of the refractive index in the fi lm, substrate, 
or both, to create a diffracted wave propagating in the counter 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4195–4205
propagating waveguide mode. The propagating and counter 
propagating modes will destructively interfere with each other 
at a given wavelength to create a photonic stopband at which 
light propagation is forbidden. This optical gap, whose width 
depends on the refractive index contrast of the periodic modu-
lation, is centered at a wavelength  λ  B,  satisfying the Bragg con-
dition,  mλ  B   =  2  n  eff  Λ , where  m  is an integer that represents the 
order of the diffraction,  n  eff  is the effective refractive index of 
the waveguide, which represents a geometrical average of the 
refractive indices of the three layers of the waveguide, and  Λ  
is the period of the modulation. [  1a  ]  Working with the second 
order  m   =  2, the resonant wavelength is equal to  n  eff  Λ , and 
light is diffracted out of the surface of the fi lm perpendicular 
to the plane of the waveguide. That is, the second-order struc-
ture provides a surface-emitted output coupling of the laser 
light via fi rst-order diffraction while providing in-plane feed-
back via second-order diffraction (Figure S7a in Supporting 
Information). 

 The fundamental transverse electric (TE 0 ) propagating 
mode in a waveguide 1 µm thick with refractive index 1.4900 
(PMMA), deposited onto a quartz substrate ( n   =  1.456), experi-
ences an effective refractive index  n  eff  ≈ 1.477, as calculated with 
a waveguide mode solver, [  20  ]  in the range 550-600 nm. Hence, if 
dye doped PMMA thin fi lms are deposited on substrates with 
modulation periods  Λ 1    =  386 nm and  Λ 2    =  400 nm, second-
order photonic stopbands centered at  λ  B1  ≈ 570 nm and  λ  B2  ≈ 
590 nm, respectively, will be obtained. As  λ  B1  and  λ  B2  match the 
emission windows of the PM567 and PM597 families, respec-
tively, we choose these dyes to implement the DFB lasers. 

 Two compounds of each family were chosen, the commercial 
compounds as the references and the derivatives with trifl uoro-
acetoxy groups (compounds  7  and  8 ), which showed the best 
laser performances both in liquid and bulk media. In order to 
better compare the laser performances, the dye concentrations 
were selected to render similar absorbance (Abs ≈ 0.055) at the 
pumping wavelength (532 nm), enough to provide the needed 
gain while avoiding the undesirable effects of dye aggregation. 

 In agreement with the estimated Bragg resonant wave-
lengths, when the devices were pumped well above threshold 
DFB laser emission was obtained around 570 nm, for sam-
ples with PM567 and  7 , and around 590 nm, for samples with 
PM597 and  8  ( Figure    6  a).  

 Explicitly, the laser peaks were centered at 569.3 nm for 
PM567, 571.6 nm for  7 , 589.3 nm for PM597 and 590.4 nm for 
 8 . The differences in the emission wavelengths between each 
group of samples have its origin in the slight differences in 
the sample thicknesses, which modifi es the effective refractive 
index n  eff  and, in turn, the resonant wavelength.  

Figure  6 b,c show the dependence of the DFB emission 
intensity on the pump intensity for the samples doped with 
PM567 derivatives and PM597 derivatives, respectively. At low 
pump intensities there is just fl uorescence and the emission 
grows linearly. Once the threshold is reached, the intensity of 
the emission grows superlinearly with the pump intensity, and 
the emission linewidth collapses to a mere 0.2 nm (Figure  6 a). 
From the data in Figure  6 b it is seen that the sample with  7  
not only has a lower laser threshold than that with PM567 (1.7 
against 2.5 kW cm −2 ) but presents an output intensity up to 
an order of magnitude higher, in agreement with the results 
4203wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  6 .     a) From left to right, DFB laser spectra of commercial PM567, derivative  7 , com-
mercial PM597 and derivative  8  doped in PMMA. b) Output intensity as a function of pump 
intensity for commercial PM567 35 mM (hollow circles) and derivative  7  25 mM (fi lled circles) 
doped in PMMA. c) Output intensity as a function of pump intensity for commercial PM597 
25 mM (hollow circles) and derivative  8  30 mM (fi lled circles) doped in PMMA.  
observed in bulk media. Analogous results are obtained when 
comparing the samples with  8  and PM597 (Figure  6 c). In this 
case the sample with  8  presents a laser threshold of 6 kW cm −2 , 
to be compared to the 14.5 kW cm −2  needed to excite laser 
emission in the sample with PM597.     

 3. Experimental Section 
 BODIPY dyes PM546, PM567, PM597, PM605 and PM650 were 
purchased from Lasing, S. A. and used as received. [  12  ]  New BODIPYs 
 1–  12  and  14  were synthesized by modifi cation of methods previously 
described. [  8a  ,  11  ]  Compound  13  [  6f   ]  was synthetized according to procedure 
described in the literature. 

 Characterization of the new dyes as well as quantum mechanical 
simulations, preparation of laser samples, methods followed to analyze 
the photophysical and laser properties in liquid and solid phase and 
procedures to pH and solubility studies are described in detail in the 
Supporting Information.   

 4. Conclusions 

 The development of  O -BODIPYs from commercial dyes is a 
successful strategy to obtain optimized laser dyes. The replace-
ment of the fl uorines by electron acceptor carboxylate groups 
ameliorate the fl uorescence effi ciency, reaching in some cases 
values around 100%; hence, these novel BODIPYs would be 
promising candidates to achieve tunable lasers at different 
regions of the visible with improved performance. To confi rm 
this possibility, the lasing performance of the new derivatives in 
liquid solution and solid state was assessed and compared with 
that of the parent dyes. 

 The lasing effi ciencies of the new compounds correlate well 
with their photophysical properties: all the derivatives exhibit a 
lasing effi ciency higher than that of the commercial parent dye 
(except  14 , derivative of PM546 with aryloxy groups, in agree-
ment with its lower fl uorescence capability), with the highest 
lasing effi ciencies being obtained in the derivatives incorpo-
rating trifl uoroacetoxy groups. 

 To assess the laser behavior of the new dyes in solid state, 
dye PM567 and its derivatives  2 ,  7 , and  11  were incorporated 
into solid matrices of PMMA. The lasing effi ciencies of the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
 O -BODIPYs were in all cases higher than 
that of the parent dye, and correlate with 
those obtained in liquid solution. Thus, the 
highest effi ciency, 56%, was obtained with 
compound  7 . Compound  7  also exhibited a 
very high lasing stability, with the laser emis-
sion remaining at 80% of its initial value 
after 100 000 pump pulses in the same posi-
tion of the sample at 30 Hz repetition rate. 

 DFB laser emission was demonstrated 
with organic fi lms incorporating trifl uoro-
acetoxy derivatives  7  and  8 , deposited onto 
quartz substrates engraved with appropri-
ated periodical structures. Both derivatives 
exhibited laser thresholds lower than those 
of the parent dyes as well lasing intensities 
up to one order of magnitude higher. In 
view of the easy synthetic assembly, and the large number of 
described BODIPY laser dyes, we are confi dent that this pow-
erful approach can be extended to other dyes of this family, 
furthering their practical application in optical and sensing 
fi elds. [  21  ]    

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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