.@2 ChemPubSoc
e Europe

il Fluorescent Dyes |Hot Paper |

by meso Substitution**

DOI: 10.1002/chem.201503040

CHEMISTRY

A European Journal

Full Paper

@ Tailoring the Solid-State Fluorescence Emission of BODIPY Dyes

Sungwoo Kim,” Jean Bouffard,*™ and Youngmi Kim*®

Abstract: 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY) derivatives bearing varied substituents at the meso
position (i.e., CF5;, CH;, COOR, CHO, CN, Cl, iPr) were synthe-
sized to elucidate the structure-property relationships that
give rise to emissive J-aggregates. Several new BODIPY de-

rivatives can be added to the previously reported 1,3,5,7-tet-
ramethyl-8-trifluoromethyl derivative to the list of those
forming J-aggregates, in addition to other dyes that are
emissive in the solid state without forming J-aggregates.

Introduction

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes are
ubiquitous in multiple areas of materials science thanks to
their high chemical and photochemical stabilities, relatively
large molar absorption coefficients, narrow emission bands
and high fluorescence quantum vyields."" The figures of merit
are, however, mostly limited to dilute solutions, owing to the
tendency of these largely planar aromatic dyes to form non-
emissive aggregates in condensed states.” The introduction of
highly sterically demanding substituents on the periphery of
the BODIPY has been shown to block the formation of aggre-
gates to some extent, but this approach typically has the
shortcoming of requiring elaborate multistep syntheses.”

An alternative approach consists in the engineering dyes
that favor the formation of emissive aggregates.” The so-
called aggregation-induced emission (or aggregation-induced
enhanced emission)—AIE(E)—approach has so far been shown
to be successful for a small number of BODIPY dyes, especially
when the increase in rigidity that accompanies aggregation
can suppress nonradiative deactivation pathways.” In 2014,
we reported that the introduction of a CF; group at the meso
position (C8) of a BODIPY dye (CF;-T1, Scheme 1) resulted in
a striking AIE feature that stood in sharp contrast with the typi-
cal condensed-phase emission quenching of BODIPY dyes such
as meso-CH;-BODIPY, CH,-T2." It was also established, for the
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Previous Work

CF3T1 AIE (J) R = CF;
CH3-T2 ACQ (H) R=CH;,
COOMe-T3 COOMe-D3 R = COOMe
COO1Bu-T4 COO!Bu-D4 R = COOtBu
CHO-T5 CHO-D5 R = CHO
CN-T6 CN-D6 R=CN
CiT7 c-n7 R=Cl
iPr-T8 iPr-D8 R=iPr

Scheme 1. Structures of meso-substituted BODIPY dyes.

first time among BODIPY dyes, that this AIE feature originated
from a different mechanism, the formation of a J-type excitonic
coupling between adjacent dye molecules in the crystal and in
the aggregates.”

In this paper, we present a systematic study of the substitu-
ents at the periphery of BODIPY dyes, in particular the meso
substituents, to elucidate the factors that govern the formation
of emissive J-aggregates in this family of fluorophores. Impor-
tantly, it was found that, although unreported before 2014, the
formation of emissive BODIPY J-aggregates is not limited to
the trifluoromethyl-substituted CF;-T1, but is in fact also found
for several new derivatives. Finally, we demonstrate the poten-
tial of these J-aggregate-forming fluorophores for the solid-
state sensing of chemical vapors.

Results and Discussion
Preparation of the BODIPY dyes

Sixteen members of the BODIPY family were prepared, consist-
ing of eight pairs of meso-substituted 1,3,5,7-tetramethyl (T)
and 3,5-dimethyl (D) derivatives (Scheme 1). These were sub-
jected to spectroscopic and structural studies to elucidate the
electronic and steric effects of substituents at the meso posi-
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tion, and that of the flanking methyl groups at C1 and C7, on
their structural and photophysical properties. The meso-substi-
tuted 1,3,5,7-tetramethyl and 3,5-dimethyl BODIPY dyes, CF;-
T1 and -D1, CH;-T2 and -D2,*®¥ COOMe-T3 and -D3,”
COOtBu-T4 and -D4,” CHO-T5"? and -D5,"" CN-T6"? and CI-
T7 and -D7" (Scheme 1), were prepared following slight
modifications of previously described procedures. CN-D6 was
synthesized in two steps from CHO-D5 by condensation with
hydroxylamine to yield the corresponding oxime, which was
then dehydrated with PPh; and N-chlorosuccinimide (NCS)
(Scheme 2A). iPr-D8 and iPr-T8 were synthesized by the reac-

NH,OH-HCI PPhs NCS
C,HsOH CH,Cl,
—_—

r.t., 30 min
60%

80 °C, 10 min
92%

1) CHyClp, 0°C, 2 h
B ———
2) Et;N, BF3OEt,
CH,Cl, 0°Ctort,2h
H iPr-D8: R = H (9%)
iPr-T8: R = CH3 (12%)

Scheme 2. Synthesis of meso-substituted BODIPYs CN-D6 (A) and iPr-T8 and
iPr-D8 (B).

tion of the required pyrrole with iso-butyryl chloride in the
presence of Et;N followed by treatment with BF;-OFEt,
(Scheme 2B). All the BODIPY derivatives are soluble in
common organic solvents, such as THF, CHCI,, ace-

tone, and CH;CN, but insoluble in water.
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sulting in a decreased HOMO-LUMO gap (see Figures S61-S64
in the Supporting Information).

Particularly interesting is the observation that 3,5-dimethyl
BODIPYs substituted at the meso position with electron-with-
drawing carbonyl groups (COOR and CHO) exhibit absorption
and emission maxima that are redshifted more than those of
their 1,3,5,7-tetramethyl counterparts. For example, the respec-
tive absorption (A,,sma) and emission (Agnma) Maxima of
COOMe-D3 in CHCl; are at 541 nm and 604 nm, which is far to
the red of COOMe-T3 (A psmax =516 NM, Agrmax = 543 Nm). Simi-
lar trends exist in other 1,3,57-tetramethyl and 3,5-dimethyl
BODIPYs (COOtBu-T4 vs. COOtBu-D4; CHO-T5 vs. CHO-D5).
These differences are attributed to the flanking methyl groups
at C1 and C7 in the 1,3,57-tetramethyl-BODIPY series (T),
which force the electron-withdrawing groups at the meso posi-
tion to pivot out of ;-conjugation, reducing their electronic in-
fluence. Indeed, whereas the calculated optimized geometry
for COOMe-D3 shows an ester carbonyl conjugated with the
BODIPY core (41° angle, Figure 2, right), that for COOMe-T3
presents an ester carbonyl orthogonal to the boradiazainda-
cene plane (90° angle, Figure 2, left). In a similar fashion, the
3,5-dimethyl BODIPY analogues, COOtBu-D4 and CHO-D5,
show much smaller torsion angles than their respective 1,3,5,7-
tetramethyl counterparts, COOtBu-T4 and CHO-T5 (Figur-
es S62-63). Electronic conjugation is optimal for CHO-D5,
which presents unusually redshifted absorption (600 nm) and
emission (632 nm) bands, and for which calculations show
a carbonyl group coplanar with the BODIPY plane. The oppo-
site behavior is seen for CF;-D1 (544/563 nm) and CF5-T1 (553/
622 nm). For dyes bearing this inductively electron-withdraw-
ing but not m-conjugated group, preferential destabilization of

Table 1. Photophysical properties of the meso-substituted BODIPYs.®
Compound A,,, & (x10Y Ay @D 7, kO k.9 Avg, TN
Spectroscopic properties of the BODIPY dyes in so- nm] [M~'em™] [nm] sl [s'] [s] [em™'] [ns]
lution CF,T1 553 5.1 622 0.0089 021 3.8x107 47x10° 2006 0.23
The ab . d fl . f th CF;-D1 544 6.4 563 0949 651 1.4x10° 92x10° 620 7.06
e absorption and ftluorescence properties of the | - r, 499 116 520 1.00® 522 1.9x10° <1.9x10° 809  5.90
prepared 1,3,5,7-tetramethyl and 3,5-dimethyl BODI- | cH,-D2 508 11.2 526 099 530 1.9x10° 1.9x10° 674 6.12
PYs in CHCl; solution are summarized in Table 1 and COOMe-T3 516 103 543 0005 0.16 3.1x10" 62x10° 964 0.16
. . .. . - [c] 7 7
Figure 1. The absorption and emission profiles, and COOMe-D3 541 56 604 0447 726 6.1x10° 7.7x10° 1928 4.03
fl ields of the d . luti COOtBu-T4 515 10.1 544 0.007® 0.19 3.7x107 52x10° 1035 0.20
uorescence quantum yields of the dyes In solution | oo, 530 54 600 0529 734 7.1x10" 65x107 2201 4.03
are greatly affected by meso substituents as well as | ps
methyl groups at C1 and C7. As previously observed CHO-T5 515 5.7 545 0.002® 143 1.4x10° 7.0x10° 1069 2.15,
. N . . 0]
for CF3-T1,” introduction of electron-withdrawing CHODS 600 34 632 0349 481 71x10" 14x10° 844 03 .
. . -| K B X A X 44X n.a.
meso substituents (i.e., CF;-D1, COOMe-3, COOtBu-4, CN-T6 561 7.4 585 0508 628 80x10” 80x107 731 026
CHO-5, CN-6) leads to bathochromic shifts with re- | cn-pe 568 6.9 586 0609 7.24 1.0x10° 68x107 541  6.46
spect to analogues with alkyl substituents at the | CI-T7 504 9.5 527 051" 399 13x10° 12x10° 866 024
ogs o . _| [b] 8 7
meso position (CH;-2 and iPr-8). The absorption and _C' D7 516 9.1 535 084 . 5.54 1'5X1°7 2'9X109 688 638
. . f hi bsti d BODIPY iPr-T8 508 9.0 545 0.014 026 54x107 3.8x10° 1336 0.63
emission maxima of meso-chloro-substitute S | ipr-D8 509 84 528 090" 554 16x10° 1.8x107 707 546
(CI-7) are, however, comparable to those of the corre-

. . [a] In CHCI;. [b] Quantum yields relative to fluorescein in 0.1 N NaOH (@;=0.95).
Spo“d'“9 meso met[gyl substituted ?ODlPYS _(CH3 2.)' [c] Quantum yields relative to rhodamine 6G in ethanol (@;=0.95). [d] Quantum
As described earlier,”™ these observations are in quali- yields relative to cresyl violet perchlorate in ethanol (@;=0.54). [e] The weighted
tative agreement with DFT calculations, which indi- mean lifetime. [f] k,= @/7. [g] ky,=(1—Dp)/7. [h]In 99:1 (v/v) water/CH,CN. [i] 7,,=
cate that electron-withdrawing substituents at the 2..15 ns for[f“40 nm and 7,,=0.3 ns for 650 nm. [j] Not available due to its reactivity
meso position preferentially stabilize the LUMO, re- with water
Chem. Eur. J. 2015, 21, 17459 - 17465 www.chemeurj.org 17460 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(A) s2s00 g avERUMber [ omt (B) Wavenumber / cm* CHO > Cl > CH,), for the meso groups. Conversely, the
] 22500 20000 1800016500 15000 13500 .. . .
E T siem  CR.T1 OReD1 g 12 sem. COOMTacOOMeDd & Order of the transition energies of 3,5-dimethyl BODI-
T‘Es 4563 nm E 'g o A 3 PYs best correlate with the Hammett o, values
- < ," (CHO >CN>CF;>COOMe >Cl>CH;) for the meso
54, §>~ 6/ L 04 am substituents.
g H The most striking difference that exists between
22 L3 g Lz the solution-phase photophysical properties of
; 5 ; 5 1.3,57-tetramethyl and 3,5-dimethyl BODIPYs is seen
5300 500 650 750 sod= 2 200 = oo = sdoF in their fluorescence quantum yields (®). Specifically,
Wavelength / nm Wavelength / nm regardless of the electronic properties of the meso
(C) Wavenumber / cm”' (D) venumber / cm” substituents, nearly all 1,3,5,7-tetramethyl BODIPYs
22500 20000 1800016500 15000 13500 22500 20000 1800016500 15000 13500 . .
"g Y———"—"—"hovTscioos § 12 P18 Db have lower @; than those of their 3,5-dimethyl coun-
Ee sisom I I i J I I |3 terparts, (P =0.008 (CF;-T1) vs. 0.94 (CF;-D1); 0.005
- i "; (COOMe-T3) vs. 0.44 (COOMe-D3); 0.007 (COOtBu-T4)
54 ',' 6‘102;"2n 18 3l | vs. 0.52 (COOtBu-D4); 0.002 (CHO-T5) vs. 0.34 (CHO-
g 4 2 D5); 0.50 (CN-T6) vs. 0.60 (CN-D6); 0.51 (CI-T7) vs
22 l L3 g 3 Lz 0.84 (CI-D7); 0.014 (iPr-T8) vs. 0.90 (iPr-D8)). Excep-
z 5 g 5 tions to this rule are CH;-T2 and CH;-D2, which have
gfoo T sooF 2 ey~ e 7o sooF similarly high @; values of almost 1. Notably, 1,3,5,7-

Wavelength / nm

Figure 1. Absorption (dashed lines) and emission (solid lines) spectra of BODIPY dyes in
CHCl, solutions (2x 107> molL™): (A) CF;-T1 (grey) and CF,-D1 (black); (B) COOMe-T3
(grey) and COOMe-D3 (black); (C) CHO-T5 (grey) and CHO-D5 (black); (D) iPr-T8 (grey)
and iPr-D8 (black). Emission spectra of CF;-T1, COOMe-T3, CHO-T5, and iPr-T8 are magni-
fied 10-fold. Insets: photographs of each corresponding solution under irradiation at

365 nm.

Wavelength / nm

LUMO (-0.12136 eV)

HOMO (-0.21436 eV)

HOMO (-0.22075 eV)

Figure 2. Calculated frontier molecular orbitals for COOMe-T3 (left) and

COOMe-D3 (right) and their orbital energies.

the HOMO by the donating methyl groups results in a redshift-

ed CF;-T1 (Figure S61).

Consequently, energies associated with the absorption
maxima of 1,3,5,7-tetramethyl BODIPYs correlate well with the
Hammett substituent constants, o, (CN>CF;>COOMe >

Chem. Eur. J. 2015, 21, 17459 - 17465
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tetramethyl BODIPYs with electron-withdrawing meso
groups (i.e., CF;-T1, COOMe-T3, COOtBu-T4, and
CHO-T5) or a bulky electron-donating group (i.e., iPr-
T8) are non-emissive in solution (@<0.015), but
their 3,5-dimethyl BODIPY counterparts have relative-
ly high fluorescence quantum yields ranging from
0.34-0.94. Fluorescence lifetime analysis suggests
that the depressed quantum yields for 1,3,5,7-tetra-
methyl BODIPYs reflect large rate constants for non-
radiative deactivation (k,), which are approximately 10*fold
larger than those for the 3,5-dimethyl BODIPY analogues
(Table 1). Particularly sterically congested 1,3,5,7-tetramethyl
BODIPYs show especially fast nonradiative deactivation (k,, >
1x10°s7"), which is associated with deviations from planarity
of the boradiazaindacene ring system in the ground state,"® as
confirmed by X-ray crystallography. For instance, the X-ray
structures of iPr-T8 (Figure 3) and CF;-T1" show significant de-

(B)

Figure 3. Top (A) and side (B) views of the molecular structure of iPr-T8, with
the thermal ellipsoids set at 50% probability. For clarity, the average position
of the iPr group (over equal occupancies) is shown and H atoms are omitted
for clarity.

viations from planarity, reflected in the angle between the
planes defined by the two pyrrole rings (iPr-T8: 7.4°; CF;-T1:
7°). In contrast, highly fluorescent CH;-T2 has a fully planar
structure (0.0°).”
Evidence to support the proposal that the steric effects of
meso substituents govern the rates of nonradiative decay of

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1,3,5,7-tetramentyl BODIPYs was gained in studies exploring
solvent viscosity effects. For this purpose, emission spectra of
COOMe-3 and iPr-8 were recorded in solutions containing
varying composition of methanol and glycerol. The results
show increases in fluorescence intensities of COOMe-T3 (ca.
45-fold) and iPr-T8 (ca. 33-fold) as the fraction of the more vis-
cous co-solvent (glycerol) increased from 9:1 to 1:9 methanol/
glycerol (Figure 4A and Q). In contrast, the fluorescence inten-
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positions become strong emitters and show the recognizable
spectral changes associated with J-aggregate formation. As
can be seen by inspection of the spectra displayed in Fig-
ure 5A, COOMe-T3 has weak emission at 535 nm (&=0.003)
in pure acetonitrile, but the emission intensity increases signifi-
cantly when a large amount of water is present in the solvent
(f,,>90%). Moreover, upon addition of water to a CH;CN solu-
tion of COOMe-T3, a narrow redshifted absorption band

(Aapsmax=581 nm) forms along

with a narrow emission band

with a small Stokes shift

(176 cm™), and significantly en-
hanced efficiency (220-fold) is
seen. Moreover, the fluorescence
lifetime for COOMe-T3 increases
from 0.09 ns in CH,CN solution
to 0.16 ns in suspended aggre-
gates. This change reflects a sub-

700 stantial increase in the fluores-

cence rate constant, ke = @¢/t, of
COOMe-T3 from 3.3x10’s™" in

solution to 4.4x10%s™" in the
aggregate state. Taken together,
the changes in the photophysi-
cal properties of COOMe-T3 are
characteristic of J-aggregate for-
mation, as previously reported
for CF-T1." A similar emission

s 720 S 160
© COOMe-T3 fyceret (VOI %) @ COOMe-D3 Biycerar (VO %
~ 536 nm 0% 0% = A A 592 nm 0%
2 540/ ~ 10% 2 1200 A D%
[ -~ 20% @ koAl -~ 20%
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2 - 40% < -~ 40%
= 3604 - - 50% b 800 -~ 50%
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Figure 4. Emission spectra of COOMe-T3 (A), COOMe-D3 (B), iPr-T8 (C), and iPr-D8 (D) in glycerol-methanol mix-
[COOMe-D3] =[iPr-T8] =[iPr-D8] =20 pm. Excited at
490 nm (COOMe-T3), 530 nm (COOMe-D3), or 470 nm (iPr-T8 and iPr-D8). Insets: photographs of each solution (in

tures with different glycerol fractions (fycero). [COOMe-T3] =

0% (left) and 90% (right) glycerol in MeOH) under irradiation at 365 nm.

sities of COOMe-D3 and iPr-D8 do not significantly

700 enhancement associated with

the optical properties of J-aggre-
gates is also observed for
COOtBu-T4 (Figure 5B).

However, J-aggregation does
not take place in the corre-

Wavelength / nm

. . . . . (A) Wavenumber / cm™ (B) Wavenumber /cm™

change as the viscosity of the medium increases (Fig- . 10.04_22500 20000 1800016500 15000 13500 1 22500 20000 1800016500 15000 13500
g 10 a 2
ure 4B and D). 5 coOoMeT3 | & _l§ ; coomsuT4 | &
3 ) M " O] | <
3 7.5 »g 3 7.5{ [' ; 589 nm —g
. ) . § 3 g . I594 nm 8
Spectroscopic properties of the BODIPY dyes in ag- 3 5, § 250 . 1§
2 g 2 3
gregates g : & :
2 2.5] L § 25 Lg
The AIE behavior of the BODIPY dyes was investigat- < g < g
. . s » 8 0
ed by promoting aggregate formation through alter- 2 0.0 . : . £ 200 , - - =
400 500 600 700 800 400 500 600 700 800

ation of solvent composition. The results show that
a systematic change of composition of the CH,CN/
H,O solvent system from 100% CH;CN to 99% H,O
results in the formation of solid aggregates and is ac-
companied by marked changes in the absorption
and emission spectra of the meso-substituted BODI-
PYs (Figures 5-7). In addition, meso substituents as
well as their flanking methyl groups have pronounced effects
on absorption and emission wavelengths and @ of BODIPY
dyes in the solid state.

Similar to CF;-T1, which displays AIE features through J-ag-
gregation,”” 1,3,5,7-tetramethyl BODIPYs (COOMe-T3 and
COOtBu-T4) with electron-withdrawing ester groups at meso

Chem. Eur. J. 2015, 21, 17459 - 17465 www.chemeurj.org
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Wavelength / nm Wavelength / nm

Figure 5. Absorption (dotted lines) and emission (solid lines) spectra of COOMe-T3 (A)
and COOtBu-T4 (B) at concentrations of 2x 10> molL~
solution (black, CH;CN/H,0=1:99 (v/v)). Excitation at 490 nm. Insets: photographs of
each solution (a: CH;CN, b: CH;CN/H,0=1:99 (v/v)) under irradiation at 365 nm.

'in CH;CN (grey) and CH;CN/H,0

sponding 3,5-dimethyl BODIPYs CF;-D1, COOMe-D3, and
COOtBu-D4 (Figures 6 A-B and S22 in the Supporting Informa-
tion). Instead, a typical aggregation-induced quenching re-
sponse is observed, and fluorescence efficiencies decrease
when the water content of CH;CN solutions increases to 1:99
(v/v) CH;CN/H,0.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Absorption (dotted lines) and emission (solid lines) spectra of CF,-D1 (A), COOMe-D3 (B), CN-T6 (C), and
CI-T7 (D) at concentrations of 2x 10> molL~" in CH;CN (grey) and CH;CN/H,0 solution (black, CH;CN/H,0 = 1:99
(v/v)). Excitation at 510 nm (CF;-D1), 530 nm (COOMe-D3 and CN-T6), or 470 nm (CI-T7). Insets: photographs of
each solution (a: CH,CN, b: CH;CN/H,0 = 1:99 (v/v)) under irradiation at 365 nm. Emission spectra of CN-T6 and
CI-T7 in CH;CN/H,0=1:99 (v/v) are magnified 10-fold and 17-fold, respectively.

Studies were performed to
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(f,>95%) (Figure 7A). However,
spectroscopic features associat-
ed with J-aggregates (i.e.,
narrow redshifted absorption,
nearly resonant fluorescence
with narrow band, and increased
fluorescence rate constant) were
not observed for iPr-T8. The
fluorescence lifetime of iPr-T8,
which in CH;CN is 0.28 ns, in-
creases to 0.63 ns in 1:99 (v/v)
CH,CN/water mixtures, reflecting
a slight decrease in k; from 2.9x
107 s7" in solution to 2.5x 10" s~
in suspended aggregates. 3,5-Di-
methyl BODIPYs substituted with
meso-methyl (CH;-D2, Figure S18
in the Supporting Information),
methyl ester (COOMe-D3, Fig-
ure S20 in the Supporting Infor-
mation), cyano (CN-D6, Fig-
ure 7C), chloro (CI-D7, Fig-
ure 7D), and isopropyl (iPr-D8,
Figure 7B) groups are less prone
to aggregation in CH;CN solu-
tions diluted with water up to
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>
T T .
500 600 700 800
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ic effects that lead to AIE behav- S Pr18 S
[ A ]
ior and the formation of J-aggre- E 75| 5 n £ 90
gates of BODIPYs. For this pur- 2 v 2
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teristic sharp and redshifted -

© ‘n'e ; Aysusyu| 3oUadsaION|4 BAREISY
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Wavelength / nm
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aggregation bands in their ab- Figure 7. Absorption (dotted lines) and emission (solid lines) spectra of iPr-T8 (A), iPr-D8 (B), CN-D6 (C), and CI-D7
sorption spectra, but no emis- (D) at concentrations of 2x 107> molL™" in CH;CN (grey) and CH;CN/H,O solution (black, CH;CN/H,0 = 1:99 (v/v)).

sion bands comparable to those
of COOMe-T3 and COOtBu-T4.
The importance of sterically

CH,CN, b: CH;CN/H,0=1:99 (v/v)) under irradiation at 365 nm.

Excitation at 470 nm (iPr-T8, iPr-D8, and CI-D7), or 530 nm (CN-D6). Insets: photographs of each solution (a:

demanding substituents for the AIE behavior of BODIPYs is fur-  1:99 (v/v), as seen by the lack of aggregation features in their
ther reflected in the unusually enhanced emission intensity of  absorption and emission spectra.

meso-isopropyl-substituted 1,3,5,7-tetramethyl BODIPY (iPr-T8)
in aggregate suspensions containing large amounts of water
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Crystallographic analysis

Scanning electron microscopy (SEM) images of the dried ag-
gregates formed from the meso-substituted 1,3,5,7-tetramethyl
BODIPY derivatives in 99% (v/v) water/CH;CN mixtures
(Figure 8) suggest that these aggregates are crystalline (300-

Figure 8. SEM images of COOMe-T3 (A), COOtBu-T4 (B), CHO-T5 (C), CN-T6
(D), CI-T7 (E), and iPr-T8 (F) aggregates obtained in 99% (v/v) water/CH;CN
mixture. COOMe-T3: (454 4-47) nm/(5039 4 383) nm, COOtBu-T4:
(6124+61) nm/(7502 £ 1553) nm, CHO-T5: (3144+20) nm, CN-T6:

(315430) nm, CI-T7: (420 +84) nm/(834 4 114) nm, iPr-T8: (286 + 24) nm/
(17304+202) nm.

600 nm X 1700-7500 nm needles for COOMe-T3, COOtBu-T4,
and iPr-T8; cubes or plates for CHO-T5, CN-T6, and CI-T7). X-
ray crystallographic studies were carried out to reveal the dif-
fering packing modes of these dyes."” COOMe-T3 shows slip-
ped-columns of head-to-head coplanar molecules with an
average distance of 3.49 A between the aromatic planes and
a slip angle (0) of 33° (Figure 9A)."® This type of packing is re-
plicated for iPr-T8 (3.65 A, 36°, Figure 9B) and the previously
reported CF,-T1 (3.70 A, 36°).” Among these, only COOMe-T3
and CF;-T1 show clear evidence of J-aggregate emission, sug-
gesting that this preferred packing mode is a required but not
sufficient condition. In contrast, the X-ray structure of CI-T7
shows a herringbone-like (59° tilt) packing of head-to-tail -
stacked dimers that, although close (3.47 A plane-to-plane dis-
tance), present a slip angle representative of H-type packings
(65°, Figure 9C), not unlike that found for CH;-T2 (65°,
3.55 A)."¥ Both are quenched in the crystal and suspended ag-
gregates.
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Figure 9. Packing diagrams of COOMe-T3 (A), iPr-T8 (B), and CI-T7 (C). H
atoms are omitted for clarity.

Applications

The emissive J-aggregates formed by COOMe-T3 can be used
as a fully reversible on/off fluorescent probe for organic sol-
vent vapors. As can be seen in Figure 10, a filter paper coated

No vapor CH CI2 CHCIl; C,H,Cl, Acetone
(B min) (5 min) (30 min) (30 min)

Hexane Methanol Water Toluene CH3CN
(600 min)(600 Min)(600 min)(600 min)(600 min)

Figure 10. Photographs of the fluorescence of COOMe-T3 on a filter paper
before (left) and after (right) exposure to saturated vapor; under UV light
(365 nm) illumination at room temperature. The response time was less than
5 min for CH,Cl, and CHCl,, and approximately 30 min for 1,2-dichloroethane
and acetone. The fluorescence of COOMe-T3 did not change upon exposure
to vapors of hexane, methanol, water, toluene, or acetonitrile over the
course of 10 h.

with COOMe-T3 displays bright orange emission from its J-ag-
gregates upon irradiation with UV light (365 nm). Exposure of
this sensing strip at 25°C to CH,Cl, and CHCl; vapors for 5 min
results in a complete luminescence turn-off. Similar responses
are found for 1,2-dichloroethane and acetone vapors after pro-
longed exposure (30 min). Removal of the solvent by drying
the filter paper in air restores the emission, and the sensor
strip may be recycled more than 20 times without apparent
degradation. The COOMe-T3-impregnated filter paper is not re-
sponsive to the vapors of hexanes, water, methanol, toluene,
and CH,CN, even upon exposure of up to 10 h. A mechanism
in which disruption or solvation of the aggregates occurs upon
absorption of the solvent vapors is consistent with this sensing
process, which occurs only in the solid state, is non-destruc-
tive, and discriminates according to solvating power.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
f Europe

Sl

Conclusion

This combined experimental and computational study high-
lights the significant influence of meso substituents and their
flanking groups at C1 and C7 on the photophysical properties
of BODIPY dyes in both solution and the aggregated solid
state. In solution, m-conjugated electron-withdrawing substitu-
ents at the meso position preferentially lower the LUMO level,
resulting in redshifted absorption and emission. Flanking
methyl substituents can by their steric pressure force the elec-
tron-withdrawing group to pivot out of conjugation and the
boradiazaindacene core to lose its planarity, resulting in in-
creased nonradiative deactivation rates and lower quantum
yields. However, in the aggregated solid state, the combination
of an electron-withdrawing meso substituent and flanking
methyl groups is required for the formation of emissive
BODIPY J-aggregates. Meso-ester-substituted dyes, such as
COOMe-T3 and COOtBu-T4, now join the previously reported
CF;-T1 as the second class of boradiazaindacene dyes to de-
monstrably form emissive J-aggregates. Formation of emissive
J-aggregates is nevertheless sensitive to minute structural
changes, as they are not encountered in the closely related
CF;-D1, COOMe-D3, COOtBu-D4 or in other dyes of the T-
series. Although the potential of these emissive dyes for the
selective solid-state sensing of organic solvent vapors was
demonstrated, the rich chemistry of the meso-carboxyl
group™™ now offers new opportunities for fluorescence sens-
ing in the solid state with this family of fluorophores.
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