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DOI: 10.1039/x0xx00000x Linking amino and hydroxycoumarins to BODIPYs thghuthe amino or hydroxyl group lets
the easy construction of unprecedented photostilenarin/BODIPY hybrids with broadened
and enhanced absorption in the UV spectral regéow, outstanding wavelength-tunable laser
action within the green-to-red spectral region @&B0 nm). These laser dyes allow the
generation of a valuable tunable UV (~260-350 nasel source by frequency doubling, which
is essential to study accurately the photochemistfybiological molecules under solal
irradiation. The tunability is achieved by selegtithe substitution pattern of the hybrid. Key
factors are the linking heteroatom (nitrogen vsygen), the number of coumarin units joined
to the BODIPY framework and the involved linkinggitions.

www.rsc.org/

Introduction dyes featuring the direct covalent integration &f-Bbsorbing

coumarin (H-chromen-2-one) chromophores into Vis-emitting
Solar ultraviolet (UV) photons constitute one ofettmost BODIPY (4,4-difluoro-4-bora-8 4a-diazas-indacene) ones
ubiquitous and potent environmental carcinogenst s (Fig 1).

reason, a great deal of work concerning the phgtsiph and

photochemistry of the excited states created in key

biomolecules (e.g., nucleic acids) upon UV light biging UV-blue green-orange  green-orange
conducted, since such states are at the beginfiitig @omplex \ Q& %

chain of biochemical events that culminates in ft@\ - m m
photocarcinogenesitsHowever, more accurate experiments are o” “o OH , ©0"o OH \ Nog-N=
urgently needed to understand the dynamics of tleesded So S e F

states, which have been stymied by the lack ofablétlaser

sources providing efficient, stable and tunable tAdiation PN

within the range of 250-350 nm. An attractive ammto to UV-blue N N‘B’N\\

overcome this drawback involves the design of nasel dyes o Q&
g/ § >
o

UV-blue

with strong UV absorption and highly efficient arstable green-orange

emission in the visible (Vis) spectral region (5000 nm), 4

since it constitutes the only way to generate,cidfitly and

without undesired re-absorption/re-emission proegssthe Fig1l. Simple push-pull 7-hydroxycoumarin (blue) and

required tunable UV laser radiation by frequencyldling, and goppy (red) chromophores, and a hybrid system tase
even with ultra-short pumping pulses. them.

Since it is still difficult to judiciously designirgle laser dyes -~y marins are an interesting family of fluorescelyes?
fulfilling the mentioned requirements, a powerftrbsegy is the among them, amino and hydroxycoumarin derivativeaifily
construction of molecular energy-transfer arraysufted or <_5mino and 7-hydroxycoumarins) are especially ifigant
cassette systems) able to achieve efficiently afioit energy pacause their photophysical signatures are ruledntsrnal
transfer from UV-absorbing donors to a covalenitijéd Vis- charge transfer (ICT) upon light absorption (clagsiish-pull
emitting laser dye acting as the acceptor partmeraddress dyes, see Fig B,which is valuable for developing certain
this issue, we were prompted to develop unprecedelaser applications (e.g., fluorescent sensing by ICT nbatitn)?
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Moreover, simple amino and hydroxycoumarins af@esult and discussion

characterized by absorbing and emitting in the U&kedge

spectral region, taking the emission place witkatieély large Synthesis.For our purpose, we chose the coumarin/BODIPY
quantum vyield, which has been used for developing blue dydructures shown in Fig 2 (i.ddX, 2-4mX and2-4dX, with X
lasers’> However, coumarins are not as photostable as otfref: B or C). These structural designs were selected on tF.

long UV pumping®

On the other hand, BODIPYs constitute a recognfaedly of
Vis-emitting dyes with noticeable utility in the ddopment of
a plethora of photonic tools, due to their excellent
photophysical properties, high solubility in orgasblvents
improving dyed-material processability (e.g., i fbreparation
of organic films), and possibility of selective fitionalization
to finely modulate their physical propertie¥he usually large
molar-absorption coefficients £ and high fluorescence
quantum vyields ¢ of BODIPYs have promoted their
application as fluorescent dyes for lasifi§iOn the other hand,
the characteristic green/orange-edge emission efB@DIPY
chromophore should be highly interesting for depglg
tunable UV lasers by frequency doubling. Howeveso t
important drawbacks limit this application: low abstion in
the UV spectral region, and small Stokes shifts béng
undesired re-absorption/re-emission processes.

Despite the outstanding and
photophysical properties of BODIPYs and coumaraassettes

spectrally-complemgntar

behavior LdX case) or photophysics modulation by tuning ICT
processes (rest of the cases).

R R
N\ N. N N\ UNL N
B B!

X F/ e Cl X F/ e X

2dX: R = p-tolyl
3dX: R = mesityl
4dX: R = trifluoromethyl

o
X =
0”0 o/&" 0”0 H}‘ 0”0
A B c

2mX: R = p-tolyl
3mX: R = mesityl
4AmX: R = trifluoromethyl

Fig 2. Selected structural designs for coumarin/BODIPY
hybrids (up, X =A, B or C), and corresponding coumarin
moieties (down).

combining both chromophores are scatdéus, the unique Dicoumarin-substitute@-BODIPY 1dA was straightforwardly
two molecular coumarin/BODIPY cassettes describpdta obtained from commercial 2,6-diethyl-1,3,5,7,8-
now were attained by linking a naked coumarin (aorinated, pentamethylBODIPY (PM567,), a known strongly fluorescent
nor hydroxylated) to a BODIPY cromophore, henceheitt green-emitting dyé® by AICl; promoted substitution of
heteroatom linkag®. On the other hand, non-cassett#iuorine®®!® by the corresponding coumarin (see Fig 3). On tic
coumarin/BODIPY hybrids obtained by fusit§,or by linking other hand, monocoumarin- and dicoumarin-substitut=

through a hydrocarbonated spdc& both moieties, are
described to exhibit interesting photophysical emies (e.g.,
ICT processes giving place to large Stokes shiftg)ich are
useful for developing certain photonic to8f$. It should be
noted that none of these systems have been evdlaatt&aser
dyes. Furthermore, challenging coumarin/BODIPY Igbr
involving push-pull amino or hydroxycoumarins ccealy

linked to the BODIPY chromophore through the amimo
hydroxyl heteroatom (note the possibility of ICTopesses
involving both chromophores) are unknown.

All the above mentioned prompted us to develop ltteer
coumarin/BODIPY hybrids (e.g., see hybrid based bn
hydroxycoumarin shown in Fig 1). The main goalshafse new
molecular dyes should be: (1) a strong UV-blue ghtgmn
enabling an efficient green-orange fluorescence lardr, (2)
the possibility of emission modulation by tuningTli@rocesses

BODIPYs 2mX and 2dX, 3mX and3dX, and4mX and4dX
were obtained by controlled aromatic nucleophilibstitution
in 3,5-dichloroBODIPYs (mono or disubstitutiof)using the
corresponding coumarilPAHd, BH or CH) as the nucleophile,
and 3,5-dichloro-8¢tolyl)BODIPY (2),}* 3,5-dichloro-8-
mesitylBODIPY e or 3,5-dichloro-8-
(trifluoromethyl)BODIPY @)% as the corresponding starting
BODIPY. The latter dihaloBODIPYs were selected boa basis
of their synthetic accessibility (Fig 3), and théffatent
stereoelectronic influence of themeso groups (R) in the
photophysics of the BODIPY chromophore. On the ottend,
the coumarins used as nucleophiles in the mentidradagen
(fluorine or chlorine) substitutions were commel@idnydroxy-
4-methyl-H-chomen-2-one AH), 7-amino-4-methyl-B-
chromen-2-oneRH) and 4-hydroxy-B-chromen-2-oneGH).

Chlorine substitutions on less-activate?l and 3 (when

involving both chromophorésand, (3) enhanced photostabilityvompared to trifluoromethylated) with less nucleophilic

of the involved chromophores by its mutual
linkage®°

photounstable coumarin partner.

2| J. Name., 2012, 00, 1-3

covalermtydroxycoumarins AH
which is especially interesting in the case of th@minocoumarinBH) required specific base catalysis (see F.3

and CH (when compared to
3). On the other hand, since highly activatedvas tested to
decompose under the employed basic conditions,rioklo
substitutions on it (especially by using less atd

hydroxycoumarins) were promoted by microwave (MW}

This journal is © The Royal Society of Chemistry 2012



Page 3 of 9 Physical Chemistry Chemical Physics

irradiation (see Fig 3). Finally, the synthesisdi$ubstituted ESIT). This photophysical result is also supporteg
derivatives 2dX) required stronger reaction conditions (e.gelectrochemical measurements (see ESIt). Thuspxitation
longer times; see ESIt) because the involved mdstguted and reduction waves recorded in the cyclic voltamgram of
intermediatesAmX) are less activated than the correspondirigilA match almost perfectly with those registered fache
starting dichloroBODIPYs. This fact is especialigrficant in individual parent moleculesandAH (see Fig S2 in ESIT).
the case of the amino derivatives (note the lesxtrein-
withdrawing effect of nitrogen when compared witkygen),
and explains the low yield when obtaini8dB (null in the case
of 2dB), and the use of MW irradiation for obtainirgB
(together witrdmB) from 4 (see Fig 3).

In this regime, very weak electronic-coupling limithe
cassette-required selective excitation of chromoghashould
be feasible. In fact, exciting the BODIPY or theuowarin
chromophore irldA (Vis or UV irradiation, respectively) leads
to the typical fluorescent BODIPY signature (sea H).
Noticeably, the characteristic high quantum vyield the

a) AlCl BODIPY chromophore was maintained by UV excitat{gn=
> 1dA(GS%) 82%, see Table S1 in ESIT). Moreover, the obseceetnarin-
b [ BODIPY intramolecular EET process is highly efficie
1 © OAH o (approaching the 100%), as demonstrated by thedualsi

emission from the coumarin chromophore, despiteditect

excitation (see Fig 4). The short donor-acceptetagice €5 A
2mA (72%) or 2dA (54%)

3mA (26%) or 3dA (57%) between chromophoric centers, as predicted theatfist)
&y( 3mC (21%) ensures a fast and efficient quenching of the dbyathe EET
R AH  OH to the acceptor BODIPY.
X or =
T LD ¥
c 4~ a CH e —
F F I \ 3
2: R = p-tolyl \ = ] b \E
3: R = mesityl g 2mB (86%) «e " 2
3mB (90%) or 3dB (11%) = i g
oo NH, S “ | €
B 2 J
24 \
8 8 o
CFs g " 5
S M ama sen) = - | =
= \ 4mA (59% _ L
N\ N, N= 4mB (62%) or 4dB (11%) Y g P e e
1 AH or BH
cl F/ //'F cl Wavelength (nm)
4 Fig 4. Absorption spectra (bold) dfdA (black), 1 (red) and

Fig 3. Synthesis of coumarin/BODIPY hybrids (see ESIT fdal:jH h(bljue)' and normalized flugrescdence ;ptla(cjt:ra 1ofA
experimental details). Yields into parentheses. ( as. e. at room temperature, otted at ) upah

irradiation (325 nm), in ethanol (see ESIT for akpental
Photophysics. The absorption spectrum bflA was almost the details).

sum of the absorptions of the individual chromogsanvolved . .
The EET in1dA should take place by the Forster resonancc

in its molecular structure, as shown by its congmariwith the A " FRET hanidfniaki it (1
spectra recorded fat and AH (double concentration for theenergy- rans er ( ) mechanismia 'r,]g ,'n 0 gccoun ()
the feasible spectral overlap of the emission ttms of the

latter since two coumarin are involved A, see Fig 4). in d t onl ith the UV ab tion i f
Therefore, no noticeable electronic coupling betwe&Oumarn donor not only wi N absorption Saiens o

18 . .
chromophores exists ihdA, at least at its ground state, as fthe acc:if]tor EQD:PY (e'?"OS,SZ)’ bult:.alssos, V:Tth thet;]hs
was expected by the role of the linking boron ia BODIPY ones, although in less extension (see Fig inf-%2) the

partner. Indeed, boron is an advisable linking fiasi to spgtial proximity of the involved chrgmophores; §B§a lack of
develop molecular cassettes based on BODIPY, sindees orbital overlap avoiding the electronic exchangguieed by the
not participate in the cyanine-likesystem of the BODIPY through-pond energy-transfer (TBET) mechaniSrdue to the
chromophore, but provides rigidity to f. Theoretical >Pacnd imposed by the 'tetrahedral boron. Indebd,EET
calculations (B3LYP/6-31g) conducted aidA (see ESIT) efficiency of LdA was practically the same when dec.reasmg the
support also the claimed electronic isolation ofocmophores. tempera.ture, even at 77 K, .where the eIectromchmge :
Thus, the conducted time dependent quantum meddani echanism (an energy-activated = process) is vigue!l

e 20 . . .
simulation (see ESIt) predicts the involvementhaflecular Ru”'f'ed' Thg hylpsochr?mlc. Sh'tf:] and nlarroyyln; Ofl the
orbitals placed exclusively at the coumarin moiedy,at the uorescence signal upon freezing the sample (Fit 4nerely

BODIPY one, for the main electronic transitions aated to due to the low temperature, which lowers the rdiaraof the

each absorption bands (UV and Vis) tdA (see Fig S1 in excited state upon irradiation, and hinders theratibnal
motion.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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Regarding hybrids based dh(see Fig 2), their fluorescenceinteraction is much weaker. In fact, the computedntier

response is limited by the rotational free motidrthe p-tolyl
moiety, which drastically enhanced the probability de-

orbitals for hybrid2mA are mainly located at the BODIPY
core, with a small contribution of the oxygen at(see Fig S4

excitation by internal conversio € 25% for2; see Fig 5, and in ESIt). As consequence of the transfer of el@dtraensity

Table S1 in ESIT§ Linking hydroxycoumarirAH to BODIPY

from the coumarin fragment to the BODIPY moietyt oaly

2, to generate hybridmaA, gives rise to a slight decrease in théhe fluorescence efficiency decreases, but alsdlilbeescence

quantum yield of the BODIPY emission upon Vis iligdbn,
but without noticeable changes in the shape andtiposof
both the absorption and the emission band Zdnd 2mA in
Fig 5, and in Table S1 in ESIT). However, the reptaent of

lifetimes becomes faster (see data collected inleT&1 in
ESIt). The ICT-character of the emitting state iplalso an
increase of the deactivation rate constants, ealbhe¢he non-
radiative one. Thus, the amino connection inducemae

the oxygen linkage oPmA by nitrogen in2mB decreases pronounced fluorescence-quenching than the oxygeade,
significantly the fluorescenceg(= 4%), shifts the spectral due to the less electron-donor character of therldtikely, the

bands towards the red (mainly in fluorescence,oup56 nm),
and broadens them (mainly in absorption); (see Figand
Table S1in ESIT).

o ® o
1 1 L

Molar absorption (10° M cm™)
P T

o

T T
400 500

Wavelength (nm)

300

40

30

20

Fluorescence intensity (a.u.)

T T = T
550 600 650

Wavelength (nm)

=
500

Fig 5.
irradiation) spectra a2 (dashed)2mA (black),2mB (blue) and
2dA (red) in ethyl acetate (see ESIt for experimenthits).

higher charge-separation promoted in the formee dasther
enhances the non-radiative deactivation probability

Noticeably, linking an additionaAH moiety in 2mA, to
generate hybrid2dA, boosts the fluorescence quantum up w
36%, producing also a modest red shift in bothahsorption
and the emission bands (see Fig 5, and Table ESiii). In
agreement with this observation, we have previouslv
demonstrated that symmetrically substituting the(p-8-
tolyl)BODIPY chromophore with electronegative atoatsthe

C3 and C5 BODIPY positions ameliorates the negagiffect
produced by the aryl motioit.Noteworthy, the time dependent
simulations of2, 2mA, 2mB and2dA (see Table S2 in ESIY)
predict also the observed shifts of the absorptiamds as
consequence of an increase in the HOMO energy. €Thes
agreements of the theoretical predictions withgkperimental
findings confirm the goodness of the conducted asatons.

Although hybrids2mA, 2mB and2dA are not able to work as
real cassettes because the excitation energylysdelocalized
over both BODIPY and coumarin moieties, especiahy
nitrogen-linked 2mB where the electron coupling is more
important (cf. frontier orbitals in Fig S4 in ES]t)he UV
irradiation gives rise to the same Vis emissioneobsd upon
Vis irradiation, without detecting emission signfabm the
coumarin. However, the observed EET cannot be adelyu

Absorption (up) and fluorescence (down, upon Vgescribed by a FRET mechanism, due to the demoedthagh

electronic interaction between coumarin and BODIRdieties
(highlighted also by the noticeable different alpsion spectra
for hybrids and corresponding individual chromommre.g.,

The mentioned effect observed #BmB must result from a ¢f. the Vis absorptions &mB and2 in Fig 5). Thus, the EET

strong electronic coupling between the aminocoumand the
BODIPY due to the involved nitrogen linkage. Additally,
the nitrogen must promote an ICT process, fromciemarin
to the BODIPY, due to its known electron-donatinigjlity
(note its +K conjugative effect). The ICT must bBsoafavored
by the electron-withdrawing effect exerted by thielodne
(strong -l inductive effect) on the BODIPY chromapé.
Indeed, the computed frontier orbitals (B3LYP/6-31gee

ESIT) for aminocoumarin-baséunB are extended through the
whole molecular structure (see Fig S4 in ESIT),chlsupports
an ICT process by the HOMOLUMO transition. However,

the frontier orbitals for hydroxycoumarin-bas@ctA, where
the more-electronegative less-conjugative oxygekalje is
involved, shows that

4| J. Name., 2012, 00, 1-3

the coumarin-BODIPY electroni

observed in these hybrids really lies in a cohenamicess,
where the excitation oscillates back and forth e the
donor coumarin and the acceptor BODIPY. In thessesa
where operates the electronic mechanism (stronglicmu
limit), the EET process is extremely fast and é&ffic.

Restricting the conformation motion of the phengbrin mese
arylBODIPYs, via the sterical hindrance induced ostho
methyl groups in the aryl moiety, is known to aroedie the
BODIPY fluorescence by decreasing the probabilitynon-
radiative deactivation pathways (&.and 3 in Table S1 in
ESIt). Thus, mesityl-based hydroxycoumarin hybB8dsA and
3dA are more fluorescent than the correspondpuplyl
gnalogues2mA and 2dA. Indeed,the fluorescence quantum

This journal is © The Royal Society of Chemistry 2012
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yields of 3mA and3dA are similar to the obtained for paréht obtained by Vis irradiation, showing that this
(higher than 90%; see Fig 6 and Table S1 in ESllie same coumarin/BODIPY hybridcould be a promising UV-pumped
effect is observed when the 7-hydroxycoumarin nyodét3mA lasing dye with efficient emission in the oranggedf the red
is substituted by the 3-hydroxycoumarin moiety3imC (see region (623 nm, see Fig 6) and, therefore, a prioigisJV-
Table S1 in ESIT). However, the strong electronieraction emitting lasing dye (ca. 310 nm) by frequency dowpl

provided by the nitrogen linkage, when comparedhvthe
oxygen one, makes the aminocoumarin-ba8ewB to lose
fluorescence ability ¢ = 7%), probably due to the same IC
process invoked fo2mB. Indeed, the absorption band 3B

A clear experimental proof of the strong electroimieraction
_lbetween BODIPY and coumarin moieties in hybr&tlA and
3dB is provided by their electrochemical behavior wher.
is broader, the Stokes shift is larger, and ther#lacence compa_red with the eXhlblt.ed t.)y parehin _the same cqndltlons
- . . (see Fig 7). Thus, the oxidation potential decreassiceably
lifetimes are shorter (cf. Figures 5 and 6; seel@ &84 in ESIt) - . ..
. . from 1.70 V for3 (irreversible process), to 1.18 V and 0.63
than those recorded fa2mB, due to the higher electronic . .
interaction provided by the nitrogen linkage for 3dA and 3dB, respectively (reversible processes; a secc.:2
P y 9 ge. oxidation wave at 1.13 V is additionally detected 8dB).
Moreover, it is observed that the lower the oxiolatpotential,
the closer are the cathodic and anodic peaks (ge€)FThese
results suggest that the HOMO energy, which istedlavith
the oxidation ability, is significantly higher fahe hybrids, as
consequence of the electronic coupling. Therefotiee
absorption energy gap, which is related with thpasation
between the cathodic and anodic peaks, is alsdfisimtly
lower for the hybrids, in agreement with both thieserved
/ absorption red-shifts (see Fig 6) and the compuriati
2 predictions (see Table S2 in ESIT).

N

N
IN)
N

N
=)
n

Molar absorption (10* M cm™)
(o]

300 400 500 600
Wavelength (nm)

80+

Current (A)

60

) | ﬁ#
20 A \

2 ; e - . Potential (V)
500 550 600 650 700

Wavelength (nm) Fig 7. Cyclic voltammograms o8 (black), 3dA (green) and
Fig 6. Absorption (up) and fluorescence (bottom, upon VRBdB (red) in acetonitrile (see ESIT for experimentahds).

irradiation) spectra a3 (dashed)3mA (black),3mB (blue) and Regarding hybrids based od, their photophysics are

3dA (green) and:.BdB (red) in ethyl acetate (see ESIT foE:haracterized by the marked red-shift of the spédiands
experimental details).

imposed by thenesotrifluoromethyl group (cf.2, 3 and4 in
Switching off the ICT process &mB, by introducing a second Table S1 in ESIT)Thus, the strong -l inductive effect exerted
unit of aminocoumarin to genereBdB (note the suppression ofby themesatrifluoromethyl group must stabilize preferentlyeth
the chlorine electronic effect), boosts the fluomxe LUMO state, since it is characterized by a highctetmic
efficiency (@ = 70%; see Fig 6 and Table S1 in ESItdensity at thenesoposition, and differently to that occurring at
Noticeably, a deep red shift of both the absorpind emission the HOMO, where a node is placed at such positég.,( cf.
spectral bands is now observed, recovering suchisbdane the HOMO and LUMO computed f&in Fig S4 in ESIT). This
typical narrow shape (vibrational resolution) andk®s shift of fact must decrease the absorption energy gap, ®ded by
parent3 (cf. 3, 3mB and 3dB in Fig 6, and in Table S1 inthe conducted theoretical simulations (see TablaénSESIT),
ESIT). This spectral shift was properly predictgdthe time explaining the observed absorption shifts. Howetee, same
dependent simulation also (see Table S2 in ESIfl)these effect should also boost undesired ICT processem fthe
data demonstrate the lack of ICT BdB, as well as the coumarin to the BODIPY, mainly in the case of monn-
existence of an extended conjugation involving catins and aminocoumarin-based 4mB, but also in mono-
BODIPY (see Fig S5 in ESIt). Once again, the UMdiation hydroxycoumarin-basedmA. In fact,4mB is observed to be
of 3dB was tested t@roduce the same Vis emission that the

Fluorescence intensity (a.u.)

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5
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not fluorescent, whiledmA exhibits less fluorescencep (=
40%) and faster lifetime than parehtsee Table S1 in ESIT).

Analogously to3dB, the double-aminocoumarin substitution o

4dB enhances the fluorescence ability by decreasing
probability of the fluorescence-quenching ICT prcénote the
lack of the ICT-promoting chlorine), as well as pes the
spectral bands deeply toward the red region4efA and4dB

in Fig 8), by the establishment of an extended wgeion (cf.
the computed energy gaps dated in Table S2 in E8liust

be noted that the high fluorescence efficienpy (70%) of red-

emitting (665 nm)4dB, joined to the tested viability of both

UV or Vis excitation to record the same Vis emissimakes
this dye potentially valuable as a red-emittingrgsdye, but
also as a UV-emitting one (ca. 330 nm) by frequeshmybling.

EN )
1 !

e
Fluorescence intensity (a.u.)

Molar absorption (10* M'cm™)

o

T T Y
500 600 700

Wavelength (nm)

T T
300 400 800

Fig 8.
fluorescence (thin, upon Vis irradiation) 4mA (black) and
4dB (red) in ethyl acetate (see ESIT for experimenetdits).

The fluorescence efficiency of the studied BODIRX/imarin
hybrids, together with the corresponding parent B, is
graphically compared in Fig 9, showing that the tpsemising
hybrids for our purpose (lasing by UV pumping) @A,
3mC, 3dA, 3dB and4dB.

3mA
3mC
3dA

0,8

3dB
4dB
L

0,6 i

2dA
4mA

0,4-

2mA

0,24

Fluorescence quantum yield

2mB
3mB
4mB

0,0-

Fig 9.
and corresponding parent BODIPYs in ethyl acetdéga( from
Table S1 in ESIT).

Laser behavior. With the exception of non-fluoresceAmB
(see Fig 9), all the obtained coumarin/BODIPY dg&hibited

6 | J. Name., 2012, 00, 1-3

laser emission either by standard pumping in the(B85 nm)
as in the Vis (532 nm) spectral region. Moreoveroarin-
?ODIPY hybridization led to a significant increasethe dye
bsorption at both pumping wavelengths. This iseg factor
rom the laser point of view, since it allows rethr
significantly the required gain-media concentragi@voiding,
consequently, solubility problems, or quenching /and
aggregation processes, all of them with detrimeeftdct on
the laser emission. For instance, hybrid @raB exhibited
molar absorption coefficients of X60* and 5.310* M cm’?,
at 355 and 532 nm, respectively, which are wellvabthe
coefficients exhibited by parer® (0.6x10* M cm? at both
wavelengths).

Since this work is focused to the development oDBRY laser
dyes able to be UV pumped, we have deeply studiedaser
behavior of the obtained coumarin/BODIPY hybridsden
laser UV irradiation. To optimize the laser actiore analyzed
first the dependence of the laser emission on tlye
concentration, keeping constant the rest of theeemxpental
parameters. Ethyl acetate solutions (1 cm pathttgngith
optical densities within the range 1-35 were stddeee ESIT).
Thus, under the experimental conditions (transverseitation
and strong focusing of the incoming pumping radiati the
concentration of the dye must be in the millimotange to
ensure total absorption of the pumping radiatioerahe first
millimeter at most of the sample solution, in ortieobtain an
emitted beam with near-circular cross section ogimg the
lasing efficiency, which is defined as the ratiotvibeen the

Absorption (bold) and corresponding normalizegnergy of the laser output and the pumping enargising on

the sample surface.

Broad-line-width laser emission, with pump threshehergy of
~0.6 mJ, divergence of 5 mrad and pulse duratio8 o§ full

width at half maximum (FWHM), was obtained from #tle

fluorescent hybrid dyes when placed in a simpleng@lplane
non-tunable resonator. The lasing properties rexbrdt the
optimal concentration for the studied coumarin/BEDI
hybrids and parent BODIPYs are shown in Table bwshg

good correlation with their photophysical propestithe higher
the fluorescence quantum vyield, the higher is thsing
efficiency; the longer the fluorescence wavelengib,“redder”
is the lasing emission; the lower the non-radiatate constant,
the higher is the lasing photostability.

Hybrid dyes based on 3,5-dicoumarin-substituted BODand
involving oxygen linkers ZdA and 3dA) achieved laser
efficiencies up to 51%, which are much higher tithnse
reached by the corresponding unsubstituted pasegXiand3
(see Table 1). In fact, the laser efficiency3ofvas poor under
the selected laser conditions (28%), wher2amnd 4 did not

Fluorescence efficiency of BODIPY/coumarin hybridexhibit laser emission, but for different reasofisus, while the

laser behavior o is due to its low fluorescence yield (see Fig
9) preventing laser action, the absence of laséssiom from4
is only caused by its low absorption at the setbgiemping
UV wavelength. Thus, whe# is pumped in the Vis region at

This journal is © The Royal Society of Chemistry 2012
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532 nm, efficient laser emission (68%) centere®@2 nm is Depending on the number and position of coumaritsyained
recorded. to BODIPY framework as well as on the nature of lihking
heteroatom, the wavelength of the laser emissiditsgbwards
the blue or towards the red with respect to theesmonding
Table 1. Lasing properties of coumarin/BODIPY hybrids angarent (unsubstituted) BODIPY. For instance, in tase of
parent BODIPY dyes in ethyl acetate solution urtdemsversal hybrids based o8, hydroxycoumarin hibrydizatiorB(mA, 3dA

pumping at nm (see or experiment t and3mC) leads to noticeable hypsochromic shifts, whethas
uv i 335 ESIT f i adi d3mC) lead iceable h h ic shift heth
Dve [CJmM®  Eff. (%)° AMnm® 1, (%) n/1000° aminocoumarin hybridizatiorB(nB and3dB) does the opposite
1y 12 20' 575 ”O 6 (i.e., towards the red, see Table 1). Noticealilg, dye series
1dA 2 45 565 o5 50 based on3 enables to reach wavelength-tunable laser action
2f ) ) ) 3 ) within the green-to-red spectral region (520-660; m@e Fig
2mA 1 21 552 20 50 10).
2mB 1 14 610 0 50 An important parameter for any practical applicataf the dye
2dA 1 35 562 35 50 lasers is their lasing photostability under repéapemping.
3 12 22 590 0 50 Table 1 collects data on the decrease of the [adeced
SmA - 2 46 555 40 50 fluorescence intensity of the studied coumarin/BRDI
2ch: ; 8 612 20 53 hybrids and their corresponding parent BODIPYs an:
S?A 9 g’i 2‘715 :2 20 coumarins, under transversal excitation of capilleontaining
3dB 1 - 645 30 50 dye solutions after n pump pulses at 10 Hz repetitate (see
4 i i } i ) ESIT). It is well-known that coumarins are rathastable dyes
amA 1 30 615 35 50 under laser irradiation. In fact, the studied corines lost their

f aser emission completely after just pump gsilander
amB' - ) ) ) ) I issi letely after j 6000 lsnd
4dB 1 40 680 55 50 the selected experimental conditions. However, dafeable 1

#Dye concentration optimizing its laser action ihygtacetate solution. demonstrate that the new coumarin/BODIPY hybridsabee

PLasing efficiency, as the ratio between the enarjthe laser output photostab!g laser  dyes, enhanCIng_ significantly  the
and the pump energy incident on the sample suffieak wavelength photostability recorded for the corresponding paBfDIPYs.
for the laser emissiondintensity decay for the laser-induced
fluorescence emission after n pumping pulses atid@epetition rate, 501 \\\’
and measured as 100(d) with I, being the initial intensity and, the

after n pulses™Number of pumping pulse#\bsence of laser emission
under any lasing condition at 335 nm.

40

In the case of coumari®/hybrids, it must be highlighted the
high laser efficiency recorded for the oxygen-lidke
monocoumarin hybrid8mA and3mC (ca. 45%; see Table 1),
which agrees well with their high fluorescence quamyields

(95% and 93%, respectively, see Fig 9). More ssipgi was 3dB -
the peculiar behavior of other monocoumarin hybrisech as 3
2mA, 2mB and3mB, because although they exhibited very low 3mA
fluorescence quantum yields (4%, 16% and 7%, reebye
see Fig 9), they not only presented laser emidsidgralso with

laser efficiencies as high as 21% (see Table 1is fHiet can be Fig 10. Lasing emission spectra of BODIPS and their

explained by the ICT-character of the emitting edadf these coyramin/BODIPY hybridssmA, 3mB, 3mC, 3dA and 3dB
hybrids (see Photophysics section), leading toh{@h Stokes (pata from Table 1).

shift (up to 1700 cm), which reduces re-absorption/re-
emission processes and, thus, their deleterioestefi the laser 1S improvement of the photostability must be tedato the
action; (b) very short fluorescence lifetimes (velm 0.28 ns), excitation energy transfer from the coumarin metto the
which lead to radiative-rate constants similartose observed BODIPY core, which allows reducing the rate andeeston of
for the other hybrid dyes; and (c) high dipole matsellowing the photodegradation processes undergone by cawsnanider
the molecular alignment with respect to the pokian of the UV laser irradiation. This behavior is widespread il the
exciting laser beam to enhance the emission effigieof the herein developed hybrids, regardiess of the actgT
media®? The combination of all these factors in the sanfBechanism: via FRET if the coumarins are linked the
molecule (see Table S1 in ESIT) is the origin & tmique BODIPY boron, or by electron coupling if they areedtly
lasing properties exhibited by these hybrids. anchored to the BODIPY chromophore. Once again, the
dicoumarin-based hybrids involving oxygen as likiatom

|
\
|
30 ;
|
|

Laser Efficiency (%)

6.
k2

[+
()
2} 0

o) 4
wavelength (nm)

%
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became the most photostable, remaining up to 55&teoihitial acids, trying to understand their stability undelas radiation,
emission after 50000 pumping pulses. In other waatteit the since their excited states are known to be involagdthe
photochemically unstable coumarin fragment is diyec beginning of the complex biological events thatnuulates in
pumped, the fast transfer of the excitation enetgythe photodamage, including photocarcinogenesis, a grgpwuman

BODIPY via electronic coupling provides an optimaker
performance over long exposure periods to irraoiiati
Conclusions

Unprecedented coumarin/BODIPY hybrids involving pymsill
amino or hydroxycoumarins covalently linked to 8@&DIPY

health problem.
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