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Photophysical Properties of Borondipyrromethene Analogues in Solution

Wenwu Qin, Mukulesh Baruah, Mark Van der Auweraer, Frans C. De Schryver, and
Nod Boens*

Department of Chemistry, Katholieke Warsiteit Lewen, Celestijnenlaan 200F,
3001 Heerlee (Lewen), Belgium

Receied: May 19, 2005; In Final Form: June 28, 2005

The photophysical properties of seven newp&(bstituted)phenyl analogues of 4,4-difluoro-3,5-dimethyl-
8-(aryl)-4-bora-3a,4a-diazmindacene (derivatives of the well-known fluorophore BODIPY) in several solvents
have been studied by means of absorption and steady-state and time-resolved fluorimetry. For each compound,
the fluorescence quantum yield and lifetime are lower in solvents with higher polarity owing to an increase

in the rate of nonradiative deactivation. Increasing the electron withdrawing strength mbthmestituent on

the phenyl group in position 8 also leads to lower fluorescence quantum yields and lifetimes. When the
p-substituent on the phenyl group in position 8 is a tertiary amine [8-(4-piperidinophenyl) NgN¢4-
dimethylaminophenyl), and 8-(4-morpholinophenyl)], the low quantum yields of these compounds in more
polar solvents can be rationalized by the inversion of the energy levels of an apolar, highly fluorescent and
a polar, nonfluorescent excited state, where charge transfer from the tertiary amine to the BODIPY unit
occurs. These amine analogues can be protonated at low pH in aqueous solution. Fluorescence titrations
yielded (K, values of their conjugate ammonium salts which are in agreement with the electron donating
tendency of the amine group: piperidino (4.25dimethylamino (2.37p morpholino (1.47), with thelg,

values in parentheses. The rate constant of radiative deactiv&f)as the same for all compounds in all
solvents studiedk{ = 1.4 x 1(¢ s ).

Introduction the photophysical properties of the new BODIPY compounds,
we recorded their steady-state absorption and fluorescence

The deS|_gn and develo_pment_of fluorescent c_hem_osen_sors forexcitation and emission spectra and collected their time-resolved
the detection of analytically important species is still an

expanding area of researtRue to their favorable photophysi- fluorescence profiles in several solvents. From these experi-
) ) ) ments, we could determine the position of the spedifa (ex
gﬁgzgg?nggé(;ilg ?;ﬁﬂgcro%?r%igzgi}rgﬁé?r'lunzrogggog_eé%é.la_ andlen), the full width at half-maximum of the absorption band
DIPY?) derivatives have become favorite fluorophores in new ((:f!./\;hsrtn;;i) s ct)?? ag;?i:/e;zegﬁg r?ou rﬁggg;iv)gz?%)é a(t:?i\e/ atrizci)tne
fluorescent probes that have applications in many different " '

areas' For example, BODIPY dyes can offer improved spectral Stokes shifts Av), fluorescence lifetimesz], and molar

characteristics compared to other conventional dyes when used bsorption coefficients} of the compounds. Furthermore, the
in automated DNA sequencifigThe excellent qualities of reversible protonation/deprotonation ®f6, and7 in aqueous

BODIPY comprise high fluorescence quantum yields and solution was also studied.
narrow em_i_ssion ba_ndwidt_hs with high_peak int(_an_sities, elevated Experimental Section
photostability, relatively high absorption coefficients, and the
extra feature of excitation/emission wavelengths in the visible ~ SynthesesGeneral MethodsiH and'*C NMR spectra were
region. Moreover, their building block synthesis allows one to recorded at room temperature on a Bruker Avance 300 instru-
develop many different BODIPY analogues with different Ment operating at a frequency of 300 MHz fét and 75 MHz
receptor groups and with emission ranges from 500 to over 700for **C. *H NMR spectra were referenced to tetramethylsilane
nm. The photophysical properties of several BODIPY deriva- (0.00 ppm) as an internal standard. Chemical shift multiplicities
tives in liquid solution have been studied by means of absorption are reported as=s singlet, d= doublet, t= triplet, q= quartet,
and fluorescence techniques. and m= multiplet. 13C spectra were referenced to the CRCI

In the present work, we synthesized novel fluorescent (77.67 ppm) signal. Mass spectra were recorded on a Hewlett-
compounds with BODIPY as the common fluorophore but with Packard 5989A mass spectrometer (E.I. mode and C.I. mode).
different para-substituents (R) on the benzene ring at position High resolution mass data were obtained with a KRATOS
8 (Scheme 1). The first BODIPY series includes compounds MS50TC instrument. Melting points were taken on a Reichert
2,3, and4 (Scheme 1), with the-substituent (R) ranging from  Thermovar and are uncorrected. . .
electron donating (methoxy) to electron withdrawing (cyano).  2-Phenyl-1,9-dimethyldipyrromethergib]. This condensation
The second series covers BODIPY analogBe$, and 7 in was carried out according to a published procetl{@heme

which thep-substituent (R) is a tertiary amine. To investigate 1)- In @250 mL round-bottomed flask, benzaldehygis) (159
mg, 1.5 mmol) and 2-methylpyrrole (260 mg, 3.21 mmol) were

* To whom correspondence should be addressed. E-mail: Noel.Boens@ dissolved in 100 mL of dry dichloromethane under an argon
chem.kuleuven.be. Fax$-32-16-327990. atmosphere. One drop of trifluoroacetic acid (TFA) was added
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SCHEME 1: Synthesis of the BODIPY Derivatives

R
R
TFA 1 drop P-chloranil 1. DIEA
* @ CH,CI P
N t2 2 2. BF3.0(Et),
H r.t
CHO
FF
8a: R = OMe 1: R =0OMe
8b:R=H 2:R=H
8c: R = COOMe 3: R=COOMe
8d: R=CN 4:R=CN
8e: R = -N(CHj3), 5: R = -N(CHa),
8f:R=—N > 6:R=—N )
R= —N o] 7:R= —N (o]
8g: R= :R=

to the stirred mixture. Stirring was continued overnight at room 2H, J = 8.0 Hz); 6.54 (d, 2H,) = 3.6 Hz); 6.16 (d, 2H)J =
temperature. After the disappearance of benzaldehyde [moni-4.4 Hz); 3.89 (t, 4HJ = 4.7 Hz); 3.25 (t, 4HJ = 4.7 Hz);
tored by thin-layer chromatography (TLC)], a solution of 2.45 (s, 6H). MS (Clynz (%): 334 (MH", 100).

p-chloranil (217.5 mg, 1.5 mmol) in dichloromethane (25 mL) 4,4-Difluoro-3,5-dimethyl-8-phenyl-4-bora-3a,4a-diaza-s-in-
was added. The mixture was further stirred for 0.5 h and then dacene 2). A 0.5 mmol (124 mg) portion of dipyrromethene
guenched with water. The organic layer was separated, and thg9b) was dissolved in 70 mL of dichloromethan&,N-
water layer was further extracted with dichloromethane. The Diisopropylethylamine (DIEA, 2.5 mL, 16 mmol) was added,
combined organic layers were dried over MgSd concen- and the mixture was stirred at room temperature for 20 min
trated and purified through column chromatography over neutral under argon. BEFOEL (2.5 mL, 20 mmol) was added dropwise,
alumina (hexane/ethyl acetate, 7/3, v/v) to obtain a reddish and stirring was continued for 1 h. The reaction mixture was

brown powder in 39% vyield (145 mgjH NMR (CDCl): 6
7.44 (m, 5H); 6.55 (d, 2HJ = 4.0 Hz); 6.24 (d, 2HJ = 4.0
Hz); 2.53 (s, 6H)2°C NMR (CDCk): ¢ 158.0, 139.0, 130.8,
130.5, 130.3, 128.6, 119.8, 30.1, 15.3. MS (@I (%): 249
(MH*, 100).

Dipyrromethene analoguéa, 9¢, 9d, 9¢ 9f, and9g were
similarly prepared starting from 4-methoxybenzaldehyg&h, (
methyl 4-formylbenzoateB(), 4-formylbenzonitrile 8d), 4-di-
methylaminobenzaldehyd8d), 4-piperidin-1-yl-benzaldehyde
(8f), and 4-morpholin-4-yl-benzaldehyd8gj, respectively.

5-(p-Methoxyphenyl)-1,9-dimethyldipyrrometheda) (Yield
32%.1H NMR (CDCl): 6 7.7 (s, NH); 7.40 (d, 2HJ) = 8.7
Hz); 6.94 (d, 2HJ = 8.7 Hz); 6.50 (d, 2H,) = 4.3 Hz); 6.16
(d, 2H,J = 4.4 Hz); 3.91 (s, 3H); 2.45 (s, 6H). MS (Ciiyz
(%): 279 (MH", 100).

5-(4-Carbomethoxyphenyl)-1,9-dimethyldipyrrometh&ag (
Yield 24%. 'H NMR (CDClg): ¢ 8.09 (d, 2H,J = 8.0 Hz);
7.53 (d, 2H,J = 8.0 Hz); 6.39 (d, 2HJ = 3.6 Hz); 6.16 (d,
2H,J = 4.3 Hz); 3.97 (s, 3H); 2.46 (s, 6H). MS (Ohyz (%):
307 (MHT, 100).
5-(4-Cyanophenyl)-1,9-dimethyldipyrromethe®el)( Yield
58%.H NMR (CDCl): ¢ 7.63 (d, 2H,J = 7.7 Hz); 7.41 (d,
2H,J = 7.9 Hz); 6.58 (d, 2H,J = 3.8 Hz); 6.21 (d, 2HJ =
3.3 Hz); 2.46 (s, 6H). MS (Clin'z (%): 274 (MH', 100).
5-(4-N,N-Dimethylphenyl)-1,9-dimethyldipyrromethe®e).(
Yield 54%. 'H NMR (CDCl): ¢ 7.38 (d, 2H,J = 8.0 Hz);
6.73 (d, 2H,J = 8.8 Hz); 6.60 (d, 2HJ = 3.6 Hz); 6.17 (d,
2H,J = 3.6 Hz); 3.04 (s, 6H); 2.45 (s, 6H). MS (Ohyz (%):
292 (MH", 100).
5-(4-Pipiridinophenyl)-1,9-dimethyldipyrromethersf)( Yield
64%.*H NMR (CDCly): ¢ 7.31 (d, 2H,J = 8.1 Hz); 6.84 (d,
2H,J = 7.9 Hz); 6.58 (d, 2H,) = 3.7 Hz); 6.16 (d, 2HJ =
4.1 Hz); 3.19 (m, 4H); 2.45 (s, 6H); 1.72 (m, 4H); 1.59 (m,
2H). MS (CI) m/z (%): 332 (MH", 100).
5-(4-Morpholinophenyl)-1,9-dimethyldipyrromethef@g)( Yield
71%.*H NMR (CDClg): 6 7.39 (d, 2H,J = 8.8 Hz); 6.92 (d,

washed with water ah2 N NaOH. The aqueous solution was
extracted with dichloromethane, dried over Mgsfitered, and
evaporated. The crude material was purified via silica gel
chromatography (ethyl acetate/hexane, 3/7, v/v). Recrystalliza-
tion from hexane gives green crystals in 62% yield (92 mg).
mp 107°C. 'H NMR (CDCly): ¢ 7.50 (m, 5H); 6.72 (d, 2H,
J= 3.6 Hz); 6.29 (d, 2H) = 4.4 Hz); 2.67 (s, 6H)13C NMR
(CDCl): 6 155.2, 140.4, 138.8, 137.9, 131.2, 129.5, 128.9,
127.9, 117.9, 14.7. LRMS (El, 70 eWyVz (%): 297 (M*, 21),
296 (Mf, 100), 295 (M, 33). HRMS (Ef): calcd for
Ci7H1sBF2N, (M), 296.12964; found, 296.12875.
BODIPY derivativesl, 3, 4, 5, 6, and7 were prepared using
the same procedure, starting from dipyrrometheds9c, 9d,
9e, 9f, and9g, respectively.
4,4-Difluoro-3,5-dimethyl-8-(4-methoxyphenyl)-4-bora-3a,4a-
diaza-s-indacene 1j. Recrystallization from hexane/CHLI
yields red crystals in 82% vyield. mp 19iC. 'H NMR
(CDCl): ¢ 7.45 (d, 2HJ = 8.7 Hz); 7.0 (d, 2H,) = 8.7 Hz);
6.75 (d, 2H,J = 3.6 Hz); 6.27 (d, 2HJ = 4.4 Hz); 3.90 (s,
3H):; 2.66 (s, 6H)13C NMR (CDChk): 6 156.0, 152.2, 144.2,
134.7,132.7,130.3, 122, 3118.9, 111.7, 52.7, 15.2. LRMS (EI,
70 eV)m/z (%): 327 (M, 23), 326 (Mf, 100), 325 (M, 50),
307 (14), 306 (48), 305 (24). HRMS (Bt calcd for
C18H17BF2N20 (M+), 326.14020; fOUﬂd, 326.13975.
4,4-Difluoro-3,5-dimethyl-8-(4-carbomethoxyphenyl)-4-bora-
3a,4a-diaza-s-indacene3); Recrystallization from hexane/
CHCls yields green crystals in 67% yield. mp 205. 1H NMR
(CDCly): 6 8.14 (d, 2H,J = 8.1 Hz); 7.57 (d, 2HJ = 8.0
Hz); 6.66 (d, 2H,J = 3.6 Hz); 6.28 (d, 2HJ = 3.6 Hz); 3.99
(s, 3H); 2.67 (s, 6HY3C NMR (CDCk): ¢ 166.7, 158.6, 141.3,
138.8, 134.6, 130.7, 129.7, 120.1, 52.8, 30.0, 15.3. LRMS (El,
70 eV)m/z (%): 353 (Mt, 50), 354 (M, 100), 355 (M, 15),
333(42), 334(61). HRMS (E): calcd for GgH17BF2N20;
(M™), 354.13511; found, 354.13522.
4,4-Difluoro-3,5-dimethyl-8-(4-cyanophenyl)-4-bora-3a,4a-
diaza-s-indacene 4j. Recrystallization from hexane/CHLI



Photophysical Properties of BODIPY Analogues

yields green crystals in 52% yield. mp 19€. 'H NMR
(CDCly): ¢ 7.79 (d, 2H,J = 8.0 Hz); 7.6 (d, 2HJ = 8.0 Hz);
6.61 (d, 2H,J = 4.4 Hz); 6.30 (d, 2HJ = 3.7 Hz); 2.67 (s,
6H). 13C NMR (CDCh): ¢ 159.3, 139.0, 134.4, 132.4, 131.2,
130.3, 120.5, 114.2, 118.4, 15.3. LRMS (El, 70 ey (%):
322 (M, 30), 321 (M, 100), 320 (M, 64), 319 (M, 22),
302 (32), 301 (82), 299 (25). HRMS (Bt calcd for
C18H14BF2N3 (M+), 321.12488; fOUﬂd, 321.12519.

4,4-Difluoro-3,5-dimethyl-8-(4-N,N-dimethylaminophenyl)-4-
bora-3a,4a-diaza-s-indacenB)( Recrystallization from hexane/
CHCI; yields orange red crystals in 86% yield. mp 210. H
NMR (CDCl): 6 7.44 (d, 2H,J = 8.8 Hz); 6.84 (d, 2HJ =
4.0 Hz); 6.76 (d, 2H,) = 8.5 Hz); 6.26 (d, 2H,) = 4.0 Hz);
3.08 (s, 6H); 2.65 (s, 6H}C NMR (CDCk): ¢ 144.2, 156.0,
152.2, 134.7, 132.7, 130.3, 122.3, 118.9, 111.7, 40.5, 15.2.
LRMS (El, 70 eV)m/z (%): 340 (M*, 24), 339 (M-, 100),
338 (M", 45), 319 (41), 318 (18). HRMS (E): calcd for
ClgHzoBFzNg (M+), 339.17183; fOUﬂd, 339.17184.

4,4-Difluoro-3,5-dimethyl-8-(4-pipiridinophenyl)-4-bora-3a,4a-
diaza-s-indacene 6]. Recrystallization from hexane/CHLI
yields red crystals in 72% vyield. mp 280C. 'H NMR
(CDCly): ¢ 7.41 (d, 2H,J = 8.8 Hz); 6.95 (d, 2HJ = 8.8
Hz); 6.82 (d, 2H,J = 4.4 Hz); 6.26 (d, 2H, = 3.6 Hz); 3.32
(t, 4H, J = 5.5 Hz); 2.65 (s, 6H); 1.66 (m, 6H}3C NMR
(CDCly): 6 156.3, 153.4, 144.1, 134.7, 132.6, 130.4, 124.1,
119.1, 114.7, 49.6, 25.9, 24.7, 15.2. LRMS (El, 70 eW}
(9%): 380 (M*, 21), 379 (M, 100), 378 (M, 62), 359 (17),
302 (11). HRMS (E): caled for GoHa4BFN3 (M), 379.20313;
found, 379.20291.

4,4-Difluoro-3,5-dimethyl-8-(4-morpholinophenyl)-4-bora-
3a,4a-diaza-s-indacene7), Recrystallization from hexane/
CHClz yields orange crystals in 93% yield. mp 282.'H NMR
(CDCk): 6 7.4 (d, 2H,J = 8.7 Hz); 6.9 (d, 2H,J = 8.8 Hz);
6.7 (d, 2H,J = 4.4 Hz); 6.2 (d, 2H,J = 3.7 Hz); 3.8 (t, 4H,
J = 4.7 Hz); 3.2 (t, 4H,J = 4.7 HZz); 2.6 (s, 6H)°C NMR
(CDCl): o6 156.8, 152.9, 149.1, 134.8, 132.4, 130.5, 125.4,
119.3,114.5, 67.1, 48.5, 15.2. LRMS (EI, 70 eW)y (%): 382
(M*, 26), 381 (M, 100), 379 (M, 1), 361 (14), 323 (16), 322
(11), 303 (24), 302 (21). HRMS (E): calcd for GiH2:BFN3O
(M*), 381.18240; found, 381.18158.

Materials. All solvents (Aldrich, Sigma-Aldrich, Acros
Organics, or Riedel-Defiagfor the spectroscopic measurements
were of spectroscopic grade and were used without further
purification. The chemicals used for the synthesis were of the
best grade available, supplied by Acros Organics or Aldrich,
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timing method!! Details of the instrumentatidhand experi-
mental proceduré used have been described elsewhere.
Briefly, the second harmonic of a Ti:sapphire laser (Tsunami,
Spectra Physics) was used to excite the samples at 488 nm with
a repetition rate of 8.18 MHz. The detection system consisted
of a subtractive double monochromator (9030DS, Sciencetech)
and a microchannel plate photomultiplier (R38090U, Hamamat-
su). A time-correlated single-photon timing PC module (SPC
630, Picoquant) was used to obtain the fluorescence decay
histograms in 4096 channels, with a time increment per channel
of 3.0 ps. In combination with the stepper motor controller
device SM (STP 240, Picoquant GmbH), which sets the
monochromator wavelength, the SPC card enabled us to record
fluorescence decays on the picosecond time scale. Fluorescence
decays at several emission wavelengths were recorded using
10 x 10 mm cuvettes. The absorbance at the excitation
wavelength was always below 0.1. All lifetime measurements
were performed on samples that were degassed by consecutive
freeze-pump-thaw cycles. Histograms of the instrument
response functions (using LUDOX scatterer) and sample decays
were recorded until they typically reached*l¢bunts in the
peak channel. The total width at half-maximum of the instrument
response function was60 ps.

The fitting parameters were determined by minimizing the
global reducedchi-square %¢?):

q
ng = Z IZWn(y;i) — Yl 1)

where the index sums oven experiments and the indésums
over the appropriate channel limits for each individual experi-
ment.yy andy; denote respectively the observed and calcu-
lated (fitted) values corresponding to thibe channel of théth
experiment, andy; is the corresponding statistical weight.
represents the number of degrees of freedom for the entire
multidimensional fluorescence decay surface.

The statistical criteria to judge the quality of the fit included
both graphical and numerical tests. The graphical methods
covered plots of surfaces (“carpets”) of the autocorrelation
function values versus channel number versus experiment
number and of the weighted residuals versus channel number
versus experiment number. The additional statistical criteria to
judge the quality of the fit are described elsewhére.

When the fluorescence decays were monoexponential, the rate
constants of radiativek{) and nonradiativekg,) deactivation

and used as received. Dichloromethane (p.a.) was dried overwere calculated from the measured fluorescence quantum yield

molecular sieves. Boron trifluoride etherate48% BF;, was
from Acros Organics.

Steady-State SpectroscopyThe absorption measurements
were performed on a Perkin-Elmer Lambda 40 s

(¢r) and fluorescence lifetimer) according to egs 2 and 3:

spectrophotometer. Corrected steady-state excitation and emis-

sion spectra were recorded on a SPEX Fluorolog instrument.
For the determination of the relative fluorescence quantum yields
(¢¥), only dilute solutions with an absorbance below 0.1 at the
excitation wavelengthig,) were used. Rhodamine 6G in@
(Aex= 488 nm¢s = 0.76) was used as a fluorescence stantfard.
For the samples that were not degassedgthalues reported

in this work are the average values of multiple (generally four)
fully independent measurements. For the determinatiog; of
of samples that were degassed by consecutive fregmep—
thaw cycles, only ong: measurement was done. In all cases,
correction for the refractive index was applied.

Time-Resolved Spectroscopyrluorescence decay traces of
the BODIPY compounds were recorded by the single-photon

k = ¢t (2)
K= (1= @)z 3)

All measurements were done at 20.
Determination of K, from Fluorimetric Titration. To

determine the ground-state acidity constanis) (of (the
ammonium salts of, 6, and7, the fluorescent indicators were
dissolved in 1.0 M HCI solution in Milli-Q water. Then, 0.1
and 0.01 M solutions of HCI and NaOH were used to adjust
the pH of the solutions. All measurements were performed in
aqueous nonbuffered solutions at 20, using 10 mm optical
path quartz cells.

The expression of the steady-state fluorescence sighals(
a function of the ion concentration has been derived by
Kowalczyk et al. for the case of a 1:1 complex between a
fluorescent indicator and an analyte (here)  The expression
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Figure 1. (a) Normalized absorbance and fluorescence emission spectran afyclohexane. (b) Enlargement of the main absorbance peak of
in several solvents. (c) Enlargement of the main fluorescence emission pgak séveral solvents. The excitation wavelengths used in part c are
given in parentheses. The intensities in this figure are normalized to the same value at the wavelength of maximum intensity.

has been extended to the case ofhdncomplex between cation
and indicator (eq 43¢ The K, values of the ammonium salts of

5, 6, and7 were determined by fluorimetric titration as a function
of pH using the fluorescence excitation and/or emission spectra

final curve fittings, from which the estimated valuesS<af Fmin,
and Fnax are reported here.

Results and Discussion

(at least four independent measurements were used to compute Spectroscopic Properties of 1, 2, 3, and &igure 1 shows

the average&, value). Nonlinear fitting of eq 4 to the steady-
state fluorescence datg)(recorded as a function of [H yields
values ofK,, the fluorescence signai$,in andFmax at minimal

and maximal [H], respectively (corresponding to the uncharged
amine and positively charged ammonium forms of the pH probe,
respectively), ana (the number of protons bound per amine).
Equation 4 assumes that the absorbance of the sample is smal
(<0.1) and that the binding of Hto the probe in the excited
state is negligible.

Ka

F= Fma><[H+]n + Fmin

(4)
K,+ [H']"

Fitting eq 4 to the steady-state fluorescence dB)aw(th n,

Ka Fmin, andFnax as freely adjustable parameters always gave
values ofn close to 1, indicating that one proton is bound per
tertiary amine molecule. Thereforewas kept fixed at 1 in the

the absorption and steady-state fluorescence emission spectra
of 1 dissolved in several solvents. The absorption spectra are
of similar shape as those of described BODIPY dyésyith

a strong absorption band around 500 nm and a shoulder at the
short wavelength side. The absorption spectra are only barely
affected by solvent polarity, with the maximum being slightly
Bhifted hypsochromically~7 nm) when the solvent is changed
from toluene (512 nm) to acetonitrile (505 nm), which is
consistent with the general behavior of BODIPY chromo-
phores®8 This shift reflects the polarizability of the solvent
and has also been observed for cyanine Hyasd aromatic
amines'® They all show narrow spectral bandwidths with two
absorption maxima: (1) a strongoSS; transition with a
maximum appearing at 50 4 nm and (2) the second
maximum, or shoulder on the high energy side, centered at about
480 nm, which is attributed to the-@ vibrational transition.

The molar absorption coefficientg)(for the new BODIPY
analogues are relatively high and lie in the 21668 000 M*
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TABLE 1: Photophysical Properties of BODIPY Compounds 1, 2, 3, and 4 in Several Solvents
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j~albs

lem

Aex

1EWhma\bs Av kf knr
BODIPY solvent (max/nm)  (max/nm)  (max/nm) (cm™) (cm™) o 7 (ns) 10°s?) 1®s?

1 toluene 512 524 512 806 447 0.52 3.35 0.16 0.14
CHClz 511 523 511 769 449 0.46 3.28 0.14 0.16
cyclohexane 510 521 510 695 414 0.42 2.87 0.15 0.20
THRF? 508 521 508 775 491 0.36
EtOAc 507 518 506 781 419 0.30 2.24 0.13 0.31
MeOH 506 518 505 785 458 0.25 1.87 0.13 0.40
MeCN 505 517 505 825 460 0.21 1.60 0.13 0.49

2 toluene 513 528 513 836 554 0.42 2.65 0.16 0.22
CHCls 513 526 513 803 482 0.38 2.65 0.14 0.23
cyclohexane 512 524 512 766 447 0.29 1.94 0.15 0.37
THF?2 510 525 510 809 560 0.25
EtOAc 508 522 508 775 528 0.25 1.71 0.15 0.44
MeOH 508 521 508 819 491 0.19 1.46 0.13 0.56
MeCN 507 521 507 819 530 0.17 1.33 0.13 0.63

3 toluene 517 538 517 898 755 0.12 0.82 0.15 1.07
CHCIg? 517 538 517 863 755 0.095
cyclohexane 515 533 515 869 656 0.073 0.54 0.13 1.71
THF 514 536 514 949 799 0.056
EtOAc 512 533 511 960 770 0.053
MeOH 511 533 511 960 808 0.032
MeCN 511 531 511 1000 739 0.039

4 toluene 519 543 518 930 852 0.076 0.55 0.14 1.68
CHClz 519 543 518 930 852 0.055
cyclohexane 517 539 517 898 789 0.038
THF 516 540 515 1056 861 0.037
EtOAc 513 537 513 989 871 0.035
MeOH 513 538 513 992 906 0.026
MeCN 512 537 512 992 909 0.030

a2 The fluorescence decays measured as a function of emission wavelength could only be described globally by a triple-exponential decay law.

cm~1range. In addition, a considerably weaker, broad absorption extinction coefficients. The fluorescence quantum yiekl &nd
band is found at about 375 nm fdr and its position is not lifetime (r) decrease when the solvent changes from toluene
appreciably affected by solvent polarity. We attribute this (0.52 and 3.35 ns) to acetonitrile (0.21 and 1.60 ns), due to an
broader and weaker absorption band to the S transition. increase of the nonradiative rate constaaf) (in more polar
Table 1 summarizes the photophysical data of compolinds solvents. The § % transition of BODIPY compoundé—4

in several solvents. resembles strongly that of cyanine dyes. This is no surprise, as

Compoundl also shows the typical emission features of the “core” of the molecule consists of an extended delocalized

BODIPY®-8 (Figure 1), that is, a narrow, slightly Stokes-shifted z-system with two completely equivalent delocalized structures
band of mirror image shape, a high fluorescence quantum yield A and B (Figure 3a), leading to the absence of bond alternation.
(¢¢) which decreases (from 0.52 in toluene to 0.21 in acetonitrile) Single-crystal X-ray structural analysis of fused BODIPY
with increasing solvent polarity, and fluorescence bands that analogues has shown that the average bond length of §3a
are hypsochromically shifted (from 524 nm in toluene to 517 and N4a-C5 indicates a pronounced double-bond character in
nm in acetonitrile) with increasing solvent polarity and decreas- contrast to the average bond length of N&Ba and N4a

ing polarizability. The linearity of a plot of the absorptiang) C7a, which is significantly longe® Nonetheless, a strong
and fluorescencevfy,) maxima versu$(n?) = (n2 — 1)/(2n? + m-electron delocalization is observed within the central six-
1) (Figure 2) confirms that van der Waals interactions with a membered ring and both adjacent five-membered rings. This
polarizable solvent can rationalize the solvent dependence ofz-electron delocalization is interrupted between bothNB

the excitation energy. If a large difference in permanent dipole bonds. For symmetry reasons, all ring atoms of the BODIPY
moment would exist between the ground and excited state, thechromophore are exactly positioned within a plane. Although
excitation energy would depend linearly d@) — f(n?) = BODIPY resembles monomethine cyanines where the delocal-
[(e — 1)/(2¢ + 1)] — [(n? — 1)/(2n2 + 1)] rather than orf(n?), ization involves Gr-electrons distributed over 5 atoms, closer
and hence, no linear dependencef(®) would be observed  inspection shows that the actual chromophore consists of 12
anymore (e.g., the data points for chloroform and toluene would z-electrons distributed over 11 atoms, which makes it isoelec-
be situated between those of tetrahydrofuran and cyclohexane)tronic with heptamethine cyanines.

Also, the independence of the Stokes shift upon the solvent The absorption and emission spectra2pf3, and4 are, in
polarity (Table 1) indicates that the permanent dipole moments general, similar to those df in the solvents used. Both the

(if any) do not differ between the ground state and the excited long wavelength absorption band and the fluorescence band are
state!® The absorption and emission spectra display perfect bathochromically shifted when the polarizability of the solvent
mirror symmetry, showing that the main bands correspond to is increased.

the —S; transition. The fluorescence decay profiledabuld Figure 4 shows the absorption and fluorescence specfra of
be described by a single-exponential fit (fluorescence lifetimes 2, 3, and4 in methanol. A slight bathochromic shift appears to
(7) in the 1.60-3.35 ns range) in all of the solvents investigated increase with increasing electron withdrawing power of the
except for tetrahydrofuran (THF). In fact, the radiative rate para-substituent (R) (see Scheme 1) in the phenyl group. Indeed,
constantks = (0.14 & 0.01) x 10° s7! is identical within the hydrogen group (i@ vs the methoxy group i) causes a
experimental error (Table 1). These values suggest that thespectral shift to the red of 2 and 3 nm in the absorption and
oscillator strength is close to 1, corresponding to the large fluorescence bands, respectively, whereas the carbomethoxy
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group @ vs 1) gives rise to a larger corresponding shift of 5
and 15 nm to lower energies in the absorption and fluorescence
spectra, respectively. The cyano group 4incauses an even

larger bathochromic shift of 7 and 20 nm in the absorption and

emission bands, respectively, compared to compduimilar

small bathochromic shifts that increase with the electron
withdrawing strength of thpara-substituent (R) in compounds
1—4 are observed in the other solvents. In all cases, the shifts 404
are smaller in absorption than in emission. The fact that the =
absorption and emission bands show a bathochromic shift with 2 1
increasing electron withdrawing tendency of ffa@a-substituent

(R) can be rationalized as follows. Ab initio and semiempirical
calculations indicate that theySS; transition is a nearly pure
highest occupied molecular orbital (HOMEIpwest unoccupied
molecular orbital (LUMO) transitiof.The electron density map

of these states suggests an important increase in the electroni

uorescence intensity

o

2
2 209

Qin et al.

Figure 3. (a) The two main delocalized structures of the BODIPY
fluorophore, including the numbering. (b) Representation of the CT

excited state of compounds-7.
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density at position 8 in the LUMO with respect to the HOMO  Figure 4. Normalized absorbance (a) and fluorescence emission (b)

state. The higher the electron withdrawing ability of {rera-

of 1, 2, 3, and4 in methanol. The intensities are normalized to the

substituent (R), the better the LUMO is stabilized. On the other same value at the wavelength of maximum intensity. The inset shows
hand, the substituent in position 8 will have little influence on an enlargement of the main peak. The excitation wavelengths used in

the HOMO, as the latter orbital has a node at this position.

part b are given in parentheses.

Hence, an electron withdrawing group in position 8 will decrease emission of2, 3, and4 can be described by a monoexponential
the HOMO-LUMO energy difference. The time-resolved decay function in most solvents. In the same solvent,¢the
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and t values decrease with increasing electron withdrawing 100+
strength of thepara-substituent (R) (Table 1), which is due to

a faster nonradiative decay rather than to a slower radiative
decay. Indeed, the experimental results indicate thapéne-
substituent (R) in2, 3, and4 does not lead to a significant
change in the value df, in analogy tol. Although both the
fluorescence quantum yielg] and lifetime ) are highest for

1, the radiative rate constants remain the sakne=[(0.14 +
0.01) x 10° s1] for 1—4, irrespective of the nature of the
solvent. The nonradiative rate constarktg) ( however, decrease

in going from4 to 1 according to4 > 3 > 2> 1. 20 Vo \

The Stokes shiftAv), calculated from the wavelengths of / \
maximum intensity, also increases as with the electron with- 0 *’ S A
drawing strength of thpara-substituent (R). The Stokes shifts 300 350 400 450 500 550 600
measured fod are 2 times larger than those fbr Moreover, Wavelength / nm
the Stokes shifts of each compound do not vary much as a
function of the solvent. This suggests that increasing the electron 7
withdrawing properties would lead to larger geometric rear- ] VA . (b)
rangements upon excitation. This increased electron phonon 4, | ) :
coupling could also be responsible for the increased nonradiativeS ¥ % \ Cyclohexane (508 nm)
decay. A possible candidate for the vibration responsible for .§ ] Toluene (509 nm)
the electron phonon coupling could be the rotation of the phenyl 60 CHEL (B00 )
which becomes more coplanar upon excitation, with the effect
being most outspoken for electron withdrawing groups in the
para position.

To conclude, although the photophysical properties of
compoundd —4 resemble strongly those of cyanine dyes, they 20
have the advantage that the difluoroboron bridge avoids the cis . A
trans isomerism associated with cyanine dyes absorbing in the Il
same spectral regions and leads in apolar solvents to significantly 0 T T T = s e T R S
higher quantum yield¥’21 The smaller extinction coefficient =00 w30 eou 650 408 w K
and oscillator strength compared to cyanines dyes with the same Wavalengih.snm
number ofz-electrons in the polymethine chain can be attributed Figure 5. Normalized absorbance (a) and fluorescence emission (b)
to the folding of this polymethine chain, leading to a smaller of 5 in several solvents. The intensities are normalized to the same
transition dipole. Another difference with cyanine dyes is the Va'“el at ﬂt1he W"’C‘j".elengtthb of maximum '”tert‘r?'ty' The excitation
presence of a second absorption band 7ZaD0O00 cn1! above wavelengths used In part b are given In parentheses.

the $—S; transition. For the latter transition, which will be one cannot exclude that the weakerS, transition is now

80

—— MeOH
MeCN
Cyclohexane
Toluene
THF
CHCI,
EtOAc

60

(a)
40

Normalized Absorbance

100 -

a04 | / \

Relative fluorescence i

discussed more in detail when discussing compouids @ qyerlapping with the vibronic progression of the-S, transi-
bathochromic shift was induced by the electron donating {jon. As the former is characterized by a relatively wide and
methoxy group in thepara position. structureless band, the general effect wilHagreeing with our
Spectroscopic Properties of 5, 6, and 7The steady-state  observations-an increase of the extinction coefficient of the
absorption and fluorescence emission specti 6f and7 are first absorption band. Due to the strong overlap with the
depicted in Figures 5, 6, and 7, respectively. The absorption transition, the maximum of this second band which corresponds
spectra ob—7 are apparently almost the same as thosk-of to the energy of the FranekCondon charge transfer (CT) state
(with the exception of a wider base) and are identical with the (cfr. infra) is for 5 and 6 hidden under the intenseySS;
well-known absorption pattern for BODIPY derivatives. In transition, and hence, its maximum cannot be determined

compoundss—7, a strong $—S; transition with a maximum  accurately. Therefore, we only observe the red tail of the CT
around 500 nm and a shoulder at a shorter wavelength isabsorption band. There is no indication that in the solvents used
observed, while the intensity of the absorption band around 350 here the energy of this FranekCondon CT state is lower than
nm is strongly diminished. The molar absorption coefficients that of the cyanine-like excited state.

for BDP derivatives5—7 are relatively high and lie in the Furthermore, the emission behaviormf7 is strongly solvent

52 000-95 000 Mt cm™* range. While the absorption maxima dependent. In cyclohexane, BODIPY analogies? show
show the same solvent dependence as those of compitds emission at about 520 nm shaped like the mirror image of the
closer inspection shows the presence of a tail at the red edge ofabsorption spectrum. In cyclohexane, the emission spectra of
the first absorption band in solvents more polar than toluene 5—7 strongly resemble those df-4. In analogy tol—4, the

for 5 and 6, which becomes the most outspoken in the most emission can be attributed to the polymethine chromophore, also
polar solvents acetonitrile and methanol. The red shift of the responsible for the lowest energy intense absorption band. The
whole spectrum including the tail in toluene is due to increased excited state to which this emission can be attributed will be
polarizability. The occurrence of the red tail in more polar called the LE state. In all solvents more polar than cyclohexane,
solvents is at the expense of the band observed at 425 nm inhowever, this LE emission is (strongly) quenched and the
cyclohexane and 450 nm in toluene. Forthe appearance of  formation of a second broad emission band is observed at longer
the red tail is less clear. This was not observed for compoundswavelengths.

1—4. Taking into account the red shift of the-SS; transition With increasing solvent polarity, the intensity of the long
upon introduction of the electron donatipgmethoxy group, wavelength emission band decreases, while the maximum of
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Figure 6. Normalized absorbance (a) and fluorescence emission (b) Wavelength / nm

of 6 in several solvents. The intensities are normalized to the same Figure 7. Normalized absorbance (a) and fluorescence emission (b)

value at the wavelength of maximum intensity. The excitation of 7 in several solvents. The intensities are normalized to the same

wavelengths used in part b are given in parentheses. value at the wavelength of maximum intensity. The excitation
wavelengths used in part b are given in parentheses.

the band shifts more to the red. In acetonitrile, methanol, and

ethyl acetate, this broad bathochromic emission has such a loWspectrum and the larger red shift of the fluorescence spectrum

intensity that it can hardly be detected. This red-shifted band (rigures 5-7). In the absorption spectrum @f the absorption

occurs at longer wavelengths f6rand6 compared t&/. More spectrum of the CT state is mainly hidden under that of the LE

quantitative experiments show that the quantum yield of giate (Figure 7a).

fluore_scenceq(f) in aerated solutions decreases Wlt_h increasing  |ncreasing the solvent polarity also leads to a more prominent

polarity of the solvent from cyclohexane to acetonitrile. The  req tail in the absorption spectrum. This indicates that the

values were also determined in deaerated solutions of cyclo-transition to the CT state shifts to lower energy upon increasing

hexane, toluene, and chloroform and are within experimental the solvent polarity. The dependence of the absorption maximum

error about the same as those in the corresponding aerateghy, the solvent polarity is given by

solutions. This is to be expected because the fluorescence

lifetimes are rather short (see next paragraph), so that oxygen _ _ _ 2 _
quenching will have a limited effect. Table 2 summarizes the 3 be— Tobs= 2us ﬂE)[“G(E D — (e — 10" — 1)
photophysical data of BODIPY analogués-7 in several s 47[60th3 l 2¢+1 2(2n° + 1)
solvents. (5)

The solvent dependence of the long wavelength emission
points to an excited state with a large dipole. This can also pabsandvgbscorrespond to the absorption maximum (cinin
clarify why a broad bell shaped structureless band is observed.a solvent with dielectric constaatand refractive index and
The CT excited state may be represented by the delocalizedthe absorption frequency in a vacuum, respectiveyh, c,
structure depicted in Figure 3b. andp correspond to the permittivity of a vacuum (8.851012

The same CT state will also be responsible for the short C V-t m~1), Planck’s constant (6.& 10734 J s), the velocity
wavelength absorption band observed fo6r4 in all solvents of light in a vacuum (3.0< 10'°cm s™1), and the radius of the
and for5—7 in cyclohexane. This clarifies why this transition solvent cavity (in m), respectively,e (C m) anduc (C m) are
shifts to longer wavelengths froé+4 over1 to 5—7 according the permanent dipole moments of the ground state and the
to the electron donating character of thara-substituent (R). excited state, respectively. The first term in eq 5 indicates that
This CT state is at lower energy Bhand6 compared td/, as the position of the absorption band can depend onlf{Qwhen
indicated by the more prominent red tail in the absorption uc differs from zero. Hence, the red shift of the absorption



Photophysical Properties of BODIPY Analogues J. Phys. Chem. A, Vol. 109, No. 33, 2008379

TABLE 2: Photophysical Properties of BODIPY Compounds 5, 6, and 7 in Several Solvents

labs Aem /‘Lex fWhmabs kf r

BODIPY solvent (max/nm)  (max/nm) (max/nm)  (cm™?) o2 PP 1(ns) 12(ns) (IPshH)  (1P°s)
5 toluene 509 580 509 934 0.15 0.15 0.028 3.24

CHCI? 509 615 509 1136 0.058 0.094

cyclohexane 508 518 508 741 0.37 0.37 2.72 0.14 0.23

THF 506 1024 0.002

EtOAc 505 991 0.004

MeOH 504 1159

MeCN 503 1329
6 toluene 511 593 509 890 0.13 0.16 0.015 3.12

CHCIz? 511 527 511 981 0.077  0.090

cyclohexane 509 519 508 738 0.33 0.33 2.31 0.14 0.29

THF 507 527 508 979 0.01

EtOAc 506 945 0.006

MeOH 505 991 0.005

MeCN 504 1196 0.003
7 toluene 511 524 510 769 0.32 0.35 0.028 3.12

CHCIg® 511 531 513 809 0.11 0.10

cyclohexane 509 520 509 695 0.35 0.35 2.15 0.16 0.30

THF 507 695 507 897 0.013

EtOAc 506 825 0.008

MeOH 505 866 0.005

MeCN 504 949 0.002

a ¢¢ values determined for aerated samplag. values determined for degassed samples (frepaenp—thaw cycles) The fluorescence decays
measured as a function of emission wavelength could only be described globally by a triple-exponential decay law.

maximum of the transition to the CT state with increadi longest emission wavelength{a, = —0.198 at 600 nm). At
suggests that the ground-state dipole will not be zero and henceshorter observation wavelengthis{), the emission originates
that the polar delocalized structure also contributes to the groundmainly from the LE state, whereas, at londey, primarily the

state. It is however insufficient to shift the FrareRondon CT state emission is observed (see emission spectra of Figure
excited state of the CT transition below that of the LE transition, 5b). This is consistent with a mechanism involving the excitation
even in polar solvents. of a single ground-state species to a LE state followed by a fast
Under those conditions, the Frane€ondon LE state will conversion to a CT state. According to such a kinetic model,
be, even for thep-aminosubstituted benzené&s-7 in polar the ratioo/a, should be—1 under conditions where the LE is

solvents, below the CT state and the lowest absorption bandexcited exclusively and only emission from the CT state is
will always have a predominant LE character. However, when observed? This is not yet the case dtm = 600 nm, which
after excitation this CT state is reached, it will be stabilized in can be due to either observation of LE emission at 600 nm and/
solvents more polar than cyclohexane to an extent that its energyor direct excitation of the CT state at 488 nm. Actually, the
becomes lower than that of the LE, and intramolecular conver- absorption spectra suggest that%er7 the transition to the CT
sion from the LE to the CT state will occur. Hence, compounds state is hidden below that of the LE transition. If the conversion
5—7 show dual emissio? from the LE to the CT state is irreversible, the short decay time
Due to the large dipole moment difference between the CT (r1) can be considered as the lifetime of the LE state which is
excited state and the ground state, electron phonon couplingsubstantially shortened by the new decay channel opened. Under
with solvent phonons, which can act as accepting modes for those conditions, the slow decay time)(can be attributed to
internal conversion, will become increasingly important in polar the lifetime of the CT state. If the interconversion is reversible,
solvents, leading to a faster decay of the fluorescéfce. the interpretation of the decay times is more complex and a
In cyclohexane, the emission Bf7 decays monoexponen- ~ complete analysis generally requires prior knowledge of the
tially, yielding radiative rate constants of similar magnitude fraction of the excitation leading to LE and CT as well as of
[k = (0.144+ 0.01) x 10° 4. This value fork; was also found the fraction of the emission due to the LE and CT states or
for 1—4. The nonradiative rate constant valukg)(are slightly some a priori knowledge of some rate constéht8 Figure 8
higher than those for compourid This again suggests that in ~ displays the fluorescence decay traces.at= 525 nm and at
cyclohexane the excited state 57 is a pure LE state. [N 4em = 600 nm. The curve at 525 nm is clearly a sum of two
toluene, the fluorescence decay$ef7 could only be described ~ exponentials, while the curve at 600 nm is a difference of two

globally by a biexponential decay law with being in the 15- exponentials. The ratio of the pre-exponential factorgo)
28 ps range (fast component) andbeing about 3.2 ns (slow  for compound6 in toluene also decreases with increasing
component). The time-resolved fluorescence profile$ drf emission wavelengthlfy) (ou/o2 = 16.38 at 525 nmeu/az =

toluene were measured as a function of emission wavelength3.336 at 550 nmeu/a, = 1.376 at 570 nm, andi/a, = 0.010
(2em = 525, 550, 570, and 600 nm) and analyzed globally as at 600 nm). For compoungin toluene, the variation od1/o.,
biexponentials with linked decay times (fast) andr, (slow). (ou/op = 1.087 at 510 nmeu/o, = 1.084 at 520 nmeu/o, =
Measurements of fluorescence decay traces as a functi,of ~ 1.054 at 530 nm, andi/a, = 0.905 at 540 nm) as a function
in the region 525600 nm revealed a decrease of the relative of lemis not as large as that f&and6 in toluene. The small

amplitude associated with the fast componegt\ith increas- dependence afy/a,; on Aem for 7 compared td and6 is to be
ing detection wavelengthA{y). Indeed, the ratio of the  expected on the basis of their fluorescence emission spectra
pre-exponential factorsog/a) decreases with increasiigm (Figures 5b, 6b, and 7b). In the absorption and emission spectra,

(o/oz = 5.176 at 525 nmoy/o, = 1.284 at 550 nm, and  the red tail and shifted band are less pronounced for compound
/o = 0.276 at 570 nm) and even becomes negative at the 7 compared to compoundsand6.
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Figure 8. (left) Experimental fluorescence decay curve (black} of toluene fex = 488 nm,Aem = 525 nm). The best fit (red) via global analysis
with decay timeg; andz; linked over the observation wavelengtfis] (xs2 = 1.094) yieldedr; = 28 ps andr, = 3.24 ns witho; = 12.667 and
oz = 2.447. (right) Experimental fluorescence decay curve (blacl) iof toluene fex = 488 nm,Aem = 600 nm). The best fit (red) via global
analysis yieldedy; = —0.52 ando, = 2.622. Also given are the local reducgd values, the weighted residualR), and the autocorrelation
functions (AC).

Fluorimetric Titrations of 5, 6, and 7. In 5-7, the acetonitrile—described by(e)—are nearly identical, these results
intramolecular charge transfer (ICT) can be efficiently blocked indicate that hydrogen bond formation plays a large role in the
by protonation. In aqueous solution, the effect of protonation stabilization of the CT state. Fdr—4, it also was found that
on the emission behavior 6f-7 is very large. Protonation turns  the major LE transition undergoes a hypsochromic shift when
the BODIPY derivatives into highly fluorescent molecules, the going to the more polar and less polarizable solvents acetonitrile
CT emission disappears, and the emission from the LE stateand methanol (see Figure 2) in accordance with their decreased
with its characteristically higher fluorescence quantum yield is polarizability. From Figure 9a, it is evident that the absorption
re-established. Now, we will examine the spectral changes of spectra of the neutral amine and the positively charged am-
5—7 upon protonation in agueous (nonbuffered) solution. monium species overlap considerably.

Absorption SpectraThe absorption spectra &—7 show While at low pH the absorption band at 494 nm can be
interesting changes as a function of pH. From Figure 9a, it is attributed to the LE transition of BODIPY with a protonated
evident that varying the pH gives rise to several isosbestic pointsaniline nitrogen, this band shifts to 473 nm at high pH where
and is accompanied by a hypsochromic shift of the major the aniline nitrogen is no longer protonated. This shift is in
absorption maximum d (from 494 nm at pH 1.09 to 473 nm  agreement with the substituent effects observedfot because
at pH 8.60) upon increasing the pH. This blue shift of the major the LUMO of the BODIPY chromophore is destabilized by
maximum at higher pH, which will be commented on later, is interacting in position 8 with the electron rich aniline moiety.
accompanied by the appearance of a clear shoulder around 550 Analogous effects are found fér where the major absorption
nm, which is attributed to a transition to the CT state. Upon maximum shifts hypsochromically from 493 nm at pH 1.12 to
protonation of the aniline moiety, the CT state shifts to higher 484 nm at pH 7.85. The CT band of the tertiary amine has a
energy, as indicated by the appearance of a band with amaximum around 550 nm and shifts upon protonation to higher
maximum at 350 nm, in analogy f This band increases with ~ energy, as indicated by the appearance of a band with a
decreasing pH. Upon closer inspection of the spectra, one canmaximum around 340 nm. While in acetonitrile and methanol
see that the transition with a maximum at 494 nm and which is the transition to the CT state 6fis only visible as a red tail of
predominant at low pH is much broader than the absorption the major band (Figure 6a), this transition is shifted sufficiently
band of the LE transition ii—4. The red shift of the CT state  to lower energy in water to give rise to a separate shoulder.
of 5 in water is large enough to manifest itself as a separate The absorption spectrum of compounds a function of pH
shoulder rather than as a red tail in the less polar and hydrogenis shown in Figure 10a and indicates that the absorption
bond donating methanol (Figure 5a f&). As the dipolar maximum of7 remains located at 48% 1 nm as a function of
solvating powers of water and polar organic solvents such aspH. The CT band of in the studied solvents remains largely
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Figure 9. Absorption spectra (a), fluorescence emission speétsa={ 496 nm) (b), fluorescence excitation specttan(= 560 nm) (c), and
fluorescence titration curve (d) & in aqueous nonbuffered solution as a function of pH. The solid line in Figure 9d represents the best fit of eq
4 with n = 1 to the fluorimetric titration data d obtained from the excitation spectra (Figure 8g, = 560 nm,lex = 511 nm). Part e shows
normalized absorption and excitation spectr&aft pH 1.15, and part f shows the excitation wavelength dependengeod® at pH 1.15. The
symbols in Figure 9f represent the experimental appapemtalues, and the solid line is the ratio of the fluorescence excitation signal over the
absorbanceR.,/A). The data in Figure 9f are normalized to 1 at 520 nm.

hidden under the major absorption band (Figure 10a), following a function of pH in parts b and c of Figure 9, respectively. By
the tendency of the absorption spectra 7oin solvents of lowering the pH, the fluorescence signals increase significantly.
different polarities (Figure 7a) Unlike their absorption spectra, the fluorescence emission
Fluorescence Spectrahe fluorescence emission and excita- maximum at 529 nm and the excitation maximum at 511 nm
tion spectra ob in aqueous nonbuffered solution are shown as remain unchanged while the intensity changes as a function of
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Figure 10. Absorption spectra (a), fluorescence emission speéta= 488 nm) (b), and fluorescence excitation spectea € 560 nm) (c) of
7 in aqueous nonbuffered solution as a function of pH.

TABLE 3: Properties of the BODIPY Derivatives in Aqueous Nonbuffered Solutior?

labsacidllabsbase lenrkacid%errrbase ¢f7acid ¢f*base
BDP (max/nm) (max/nm) (pH) (pH) pKa
5 494/473 529/529 0.03 (1.87) 0.006 (3.3) 2:80.06
6 493/484 528/526 0.008 (1.38) 0.001 (4.32) 4418.05
7 488/486 531/528 0.001 (1.05) 0.0002 (3.32) 140.03

aKa values were determined by fitting eq 4 with= 1 to the fluorescence data. The fluorescence quantum yigladsse and ¢r—aciqa Were
determined at respectively the highest and lowest pH values (in parentheses) used in the fluorimetric titragpvalttes of5, 6, and7 were
determined with excitation at 496, 493, and 488 nm, respectively.

pH. The highesp: value (0.03, determined by excitation at 496 in other solvents where a decreasegpiof the CT state with
nm, Table 3) is found at low pH (between pH 1.09 and 1.87). increasing solvent polarity is observed. The binding of by

At all pH values, the excitation and fluorescence spectra the tertiary amine suppresses the ICT due to ammonium ion
resemble those of compounds-4, suggesting that the fluo-  formation and hence blocks this nonradiative decay channel of
rescence is due to the LE state. At low pH, the amine function the LE state. This is accompanied by a large fluorescence
is protonated and the phenyl moiety becomes substituted withenhancement.

a weak electron acceptor rather than with an electron donor, Compared tdl—4, there are still some discrepancies when
leading to an absorption and emission maximum between thatthe tertiary amine function ob is protonated, while the

of 2 and 3. When the ammonium group is deprotonated, fluorescence excitation (511 nm) and emission (529 nm) maxima
excitation yields with 100% efficiency an ICT state which is of the protonated form db are intermediate between those of
nonfluorescent in water. The absence of pH dependent shifts2 and3 (see Table 1), indicating th&t-7 have a similar Stokes

of the fluorescence excitation and emission bands may be dueshift to that of1—4. However, the absorption spectrum of the
to the extremely low fluorescence quantum vyield of the CT protonated form ob is much broader and its maximum (494
emission in water. This is in agreement with the observations nm) is situated between 11 and 25 nm (4975 cnT?) to
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shorter wavelengths compared to the absorption maxirte-&f BODIPY moiety in thepara position to the tertiary amine acts
This discrepancy suggests the presence of two different proto-as an electron withdrawing unit.

nated species at low pH. The observation of isosbestic points

in the absorption spectra indicates that the ratio between theConclusion

concentrations of these two species does not change as a function
21 529 nm corresponds to prolonation at the aniin itrogen, 112 PEMY! G1oup on the fluorescence properties of BODIPY
the nature of the sppecies at?sorbing at 494 nm is not Clearg_l_h’ederiviativesl—4. The combination of the electron righanisol
differences between the excitation and absorption spectra (Figuregroulo and the electron deficient BODIPY fluorophore in

9e) suggest that both species interconvert only to a limited extentcompoundl has the highest fluorescence quantum effciency
; gges p y among the four coumpounds. On the other hand, the electron
in the excited state. A consequence of the presence of two

species is that the measured fluorescence quantum il ( withdrawingp-cyano group in derivativé produces the smallest

only an apparent value because a large part of the incident Iight¢f value. However, the shape of the absorption and emission
is absorbed by the nonfluorescent species with an absorptionSpeCtra Is barely affected by changing flaa-substituent (R).

maximum at 494 nm. Therefore, the apparenivalues are In polar solvents, the photophysical properties of free (i.e.,

expected to change as a function of excitation wavelength. It is uncharged) tertiary amines-7 are governed by a fast inter-
fOLE)nd experimen'?ally (Figure 9f) that at wavelengths ghc;rter conversion to an ICT state, where the lone electrons of the amine
than the maximum of the excitation spectrum the quantum yield g:j;ongcir; ngreo?etlr?;alfﬁi? e(;\é:qége f?(?rr?li)h\g lﬁgdlgt% tté) Sgggg
values closely follow the ratio of the fluorescence excitation :

sianal over the absorbance. The photophvsical behavieast protonation of the amine nitrogen atom, the amine receptor
9 X - L P Py becomes an inductively electron withdrawing group and the ICT
a function of pH is very similar to that d.

- el process is suppressed, leading to a pH dependent fluorescence
_The acidity constanti) and the stoichiometrynj of the enhancement of the LE emissi®# The variation of thepara-
binding of H" by the tertiary amine group of compoubadvere substituent group in compounds-7 has a large influence on

determined by fitting eq 4 to the fluorescence excitation or 4 and (K, The electron releasing tendency of piperidino
emission spectral data. The results of the fluorimetric titration NMe, > morpholino is borne out in thek values: 6 (pKa

of 5 using excitation dataigm = 560 nm,lex = 511 nm) are 4.15)> 5 (pK, 2.37) > 7 (pKa 1.47).
displayed in Figure 9d and yield &pvalue of 2.37 and a well-

Our study reflects the effect of theara-substituent (R) of
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