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Steady-state and time-resolved fluorescence techniques have been used to study the photophysical properties
of the fluorescent BODIPY-derived dye{2-[4-(dimethylamino)phenyl]etherii4,4-difluoro-8-(4-methoxy-
phenyl)-1,5,7-trimethyl-3a,4a-diaza-4-bar@dacene. This compound has been synthesized via a microwave-
assisted condensationiN,N-dimethylaminobenzaldehyde with the appropriate 1,3,5,7-tetramethyl substituted
borondipyrromethene unit. The fluorescence properties of the dye are strongly solvent dependent: increasing
the solvent polarity leads to lower fluorescence quantum yields and lifetimes, and the wavelength of maximum
fluorescence emission shifts to the red. The Cataalvent scales are found to be the most suitable for
describing the solvatochromic shifts of the fluorescence emission. These are dominated by polarity/polarizability
effects, as confirmed by quantum-chemical calculations performed in the dielectric continuum approximation.
Fluorescence decay profiles of the dye can be described by a single-exponential fit in most solvents investigated,
while two decay times are found in alcohols. The dye undergoes a reversible protertmntonation
reaction in the acidic pH range with &pof 2.25 in acetonitrile solution. Fluorimetric titrations as a function

of pH produce fluorescence emission enhancements at lower pH. The fluorescence excitation spectra show
a hypsochromic shift from 600 nm for the neutral amine to 553 nm for the ammonium form, so that ratiometric
measurements can be used to determig p

1. Introduction physical properties of this new BODIPY dy#)( we recorded
The design and synthesis of novel, fluorescent chemosensord!S Steady-state absorption and fluorescence excitation and
for the measurement of analytically important ions and mol- €MiSsion spectra and collected its time-resolved f_Iuorescence
ecules continues to be an exciting area of resebtth.recent ~ Profiles in several solvents. From these experiments, we
years, much attention has been focused on the synthesis of 4,4determined the position of the spectral maxima{ 1ex and
difluoro-4-bora-3a,4a-diazsindacend (borondipyrromethene  “em), the full width at half-maximum of the absorption band
or BODIPY) based fluorescent probes and their application as (fWhMang, the Stokes ShiftsAy = vabs — vem), the fluorescence
selective and efficient chemosensbihe abundant applications ~ duantum yields¢y) and lifetimes ¢), and the rate constants of
of borondipyrromethene derivatives are facilitated by the radiative k) and nonradiativeky) deactivation of this com-
commercial availability of a range of BODIPY dy&snd they ~ Pound. We used the Lippert solvent parameXérthe normal-
are illustrated by a selection of recent papers describing ized ETN(30) polarity scale, and the multiparameter Karnlet

BODIPY analogues as fluorescent probes for®Nat 6 K+’ Taft and Catéla solvent scales to describe the solvent effect
Cat? Ag+? and Z#1° as photocleavable fluorescent ©n the fluorescence emission maxima and Stokes shift. of
nucleotides in four-color DNA sequenciffand as activity- Semiempirical quantum-chemical calculations were performed
based fluorescent probes for protein and kind3&ODIPY is to assess the amount of charge transfer in the excited state and

a well-known fluorophore characterized by valuable properties €Xplore the solvent dependent absorption and emission properties
such as high (photo)chemical stability and relatively high ©Of the dye. Finally, fluorimetric titrations as a function of pH
fluorescence quantum yields (often approaching 1.0) and Were used to determine th&gpof the new dye in acetonitrile.
absorption coefficient33-23 Moreover, borondipyrromethene
dyes are excitable with visible light, have narrow emission ) .
bandwidths with high peak intensities, and are amenable to 2.1. Synthesis.4,4-Difluoro-8-(4-methoxyphenyl)-1,3,5,7-
structural modification. tetramethyl-3a,4a-diaza-4-bosdndacene 4) was synthesized

In this work, we synthesizedvia a microwave-assisted from p-methoxybenzaldehyde€) and 2,4-dimethylpyrroled)
condensation reactiera fluorescent pH sensor with 3a,4a-diaza- following a literature procedur®.Compoundl was synthesized
4-boras-indacene as fluorophore linked topaN,N-dimethyl- in 26% yield by microwave-assisted condensation of compound

aminostyryl group at the 3-position. To investigate the photo- 4 With p-N,N-dimethylaminobenzaldehyde5)( using acetic
acid—piperidine as a catalyst (Scheme 1). The use of microwave

* To whom correspondence should be addressed. E-mail: Noel.Boens@ jyradiation drastically reduced the reaction time (from 26 h for
chem.kuleuven.be. . . . . . .
T Katholieke Universiteit Leuven. conventional heating to 15 min for microwave heating) without
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2. Results and Discussion
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SCHEME 1: Synthesis of Compound 1 —1
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2.2. Spectroscopic PropertiesThe UV/vis absorption and 100 - e :

fluorescence emission spectralafissolved in several solvents
are depicted in Figure 1. The photophysical propertiek arfe
compiled in Table 1. As is evident from this table, the main 80 -
absorption bandattributed to the 60 vibrational band of a
strong $—S; transition—is centered between 593 and 610 nm
in the pure solvents (218). In cyclohexane, methylcyclohexane, _. 60+
tetrahydrofuran (THF), toluene, diethyl ether, diisopropyl ether,
and dibutyl ether, a shoulder at the short wavelength (high-
energy) side can be observecentered at approximately 565
nm—which is assigned to the-fl vibrational band of the same
transition. In addition, weaker absorption bands are found at
approximately 425 and 375 nm, the position of which is not
appreciably affected by solvent polarity. These broader and
weaker absorption bands are assigned to theSsand $—S; 0 e R R R s
transitions. The position of theySS; absorption band shows 580 600 620 640 660 680 700 720 740

minor solvent-dependent shifts, indicating a weak charge- Wavelength / nm

transfer character for the Ipwest electrc_)nic excitation in the Figure 1. Normalized absorption (a) and emission spectra (1) @t
ground-state geometry, vide infra. The typical, narrow BODIPY- Aex = 560 nm) in several solvents. The numbers refer to the solvents

like main absorption bad*23 of 1 is, however, only seenin ot aple 1: I= methylcyclohexane, 2 cyclohexane, 3= 1,4-dioxane,
cyclohexane and methylcyclohexane. The full width at half- 4 = toluene, 5= dibutyl ether, 6= diisopropy! ether, 7= diethyl

Flau

40

20 -

maximum (fwhmpg increases from 938 cm in methylcyclo- ether, 8= chloroform, 9= ethyl acetate, 16- tetrahydrofuran (THF),
hexane to 1902 cmt in THF. The fluorescence excitation 11= 1-butanol, 12= acetone, 13= butanenitrile (butyronitrile), 14=
spectra match the absorption spectra. propanenitrile (propionitrile), 15 methanol, 16= N,N-dimethylform-

Conversely, the fluorescence emissiorLd strongly solvent ~ 2Mde (DMF), 17= acetonitrile, 18= dimethyl sulfoxide (DMSO).

dependent. The emission maximum steadily shifts to longer mophore. These structures will also be the main contributors
wavelengths in going from nonpolar to polar solvents (from to the ground state ofl, thereby rationalizing the slight
612 nm in cyclohexane and methylcyclohexane to 737 nm in sensitivity of the absorption peak with solvent polarity/polar-
DMSO0), indicative of the charge transfer nature of the emitting jzability. In the excited state, however, a larger weight is
state. This red shift is accompanied by a loss of fine structure expected for the charge-separated structure C. This is confirmed
and an increase of the bandwidth. Only the emission spectrumpy the quantum-chemical calculations (see below) and is
in cyclohexane and methylcyclohexane displays the typical enhanced by the geometric deformations in the relaxed excited
BODIPY features,'* % i.e., a narrow, slightly Stokes-shifted  state (which lead to an increased “quinoid” character of the
band of mirror image shape. styryl side chain, hence further favoring the charge-separated
Examination of the chemical structure bSuggests that the  form C). As a result, a difference in dipole moment between
occurrence of an intramolecular charge transfer (ICT) processthe ground and excited states develops after geometric relaxation
may be responsible for its high solvent sensitivity: the tertiary in the excited state, such that polar, nonprotic solvents stabilize
amino group is an electron donor and the boradiazaindacenethe excited state and lead to a red-shifted emission.
moiety is electron-deficient, allowing for the occurrence of an  This also implies that, in the relaxed excited-state geometry
excited state with some ICT character. (with a larger contribution of structure C), the nitrogen lone
Figure 2 shows the delocalized forms that contribute to the pair is less available for hydrogen bonding with a protic solvent.
real structure ofl in a valence bond picture. Zwitterionic  Hence, interaction between hydrogen donating solvents and the
structures A and B have dominant contributions to both the aniline nitrogen are expected to be weaker in the excited state
ground (%) and the excited (3 state in the BODIPY chro-  than in the ground state, so that hydrogen bonding should
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TABLE 1: Photophysical Properties of 1 in Several Solvents

Aabs Aem Aex Av fwhmaps T1 T2 ks Knr
no. solvent (max/nm) (max/nm) (max/nm) (cm)  (cm?) o ns) (ps) afsH afsh
1  methylcyclohexane 597 612 597 411 938 (486.02
2 cyclohexane 597 612 597 411 968 08D.03 3.50 2.77 0.09
3  1,4-dioxane 602 648 602 1179 1370 0#1.06 3.43 2.24 0.67
4  toluene 607 640 607 850 1267 0.89.02 3.25 2.62 0.46
5  dibutyl ether 596 627 596 830 1350 0.210.02
6  diisopropyl ether 594 629 594 937 1512 0:8D.03
7 diethyl ether 593 641 593 1263 1444 0:83.02 3.74 2.49 0.19
8  choroform 605 656 605 1285 1620 0.82.04 3.47 2.36 0.52
9 ethyl acetate 596 665 596 1741 1513 450.01 3.31 1.78 1.24
10 THF 600 664 600 1606 1902 0.360.04 3.00 1.87 1.47
11 1-butanol 601 678 601 1890 1730 0£9.03 245 106
12 acetone 597 695 597 2362 1648 0420.01 2.23 121 3.27
13 butanenitrile 600 695 600 2278 1725 02D.02 2.26 1.19 3.23
14  propanenitrile 598 710 598 2638 1762 0419.03 1.84 1.03 4.40
15  methanol 596 696 598 2411 1838 04®.01 0.85 14
16 DMF 607 718 607 2547 1827 0.a@80.01
17  acetonitrile 597 717 597 2803 1762 0.68@.002 1.20 0.75 7.58
18 DMSO 610 737 609 2825 1876 0.05%60.007
19 CHCN+H* 553 561 553 258 725 1.080.02 4.19 2.39 0

aFor the time-resolved fluorescence measurements, the samples in solvén®-245, and 17 were excited at 580 nm whereas 530 nm excitation
was used for solvent 19. For the steady-state and time-resolved fluorescence measurements in solvent, W3 HEIEY as proton source. The
standard errors om are < 15 ps ands< 3 ps ontz. ¢r values were determined by excitation at 560 nm18) and 530 nm (19).

hydrogen bond after excitation rather than to a dipolar reorienta-
tion of the solvent or relaxation of the molecular geometry. We
did not attempt to further investigate the nature of this
component, but we attribute it to the dynamics of hydrogen
bonding of the alcohol to the amine group after electron transfer.
Since in structure C (Figure 2) a positive charge is present on
the aniline nitrogen, the rearrangement of the hydrogen bond
must correspond to a weakening of the hydrogen bond between

c A= the solvent and the aniline nitrogen after excitation. A weaker
Figure 2. Delocalized structures df contributing to its real structure ~ hydrogen bond will make the amine a better donor and lower
in the ground and excited states. the energy of the ICT-like excited state, leading to a batho-

OI(:hromic shift of the emission on a time scale of a few

stabilize the ground state more than the excited state. This shoul . . ;
9 picosecondd>26 consistent with our observations. At shorter

shift the emission to shorter wavelengths compared to a/1 the emission originates mainlv from a hvdrogen-bonded
nonprotic solvent with the same dielectric constant. em 9 y yarog

The results of time-resolved fluorescence experiments are aIsoICT s_tate, which evolves into a nonhydrogen-bonded ICT state
listed in Table 1. In all pure nonprotic solvents studied, a single emitting at Iongevlem (hydrc_)gen bpndlng decreases the electron
decay component on the nanosecond time scale was foundOlonor capacity qf the _an_llme nitrogen f'md hence Iea_ds o a
ranging from 3.74 ns in diethyl ether to 1.20 ns in acetonitrile, hypsochromlc shift). This is consistent with the weaker Interac-
analogous to the borondipyrromethene derivativé234- tion between the hydrogen donating solvents and the aniline

(dimethylamino)phenyl]ethenyi8-phenyl-1,5, 7-trimethy! bo- nitrogen in the excited state compared to the ground state, as
rondipyrromethend’ In addition, in the protic solvents (metha-  discussed above.

nol and 1-butanol), a second, faster subnanosecond component The larger value of the fast decay timgin 1-butanol might

of 14 and 106 ps, respectively, was found. The time-resolved be due to the higher viscosity of this solvent, and is somewhat
fluorescence profiles df in methanol were measured/ah, = faster than the time scale measured for solvation dynamics in
640, 655, 670, 700, and 730 nm. In 1-butanol, six emission other more viscous long-chain alcohols such as 1-decarif{
wavelengths were usedd, = 625, 640, 655, 670, 700, and  Ps)?’ Itis unlikely that the difference of, between methanol
730 nm). The collected fluorescence decay surfaces wereand 1-butanol is related to a difference in solvent polarity. A
analyzed globally as biexponentials with linked decay times  lower-polarity solvent such as 1-butanol (dielectric constant

(slow) andz; (fast). In methanol, the relative preexponential = 17.1 compared to 32.6 for methanol) will lead to a less
factor o, associated with the fast decay componenf) (  extensive bathochromic shift by dipolar interactions. This would
decreased with increasing detection wavelenigth (co/oy = slow the relaxation, and even longer relaxation times would be

2.17, 1.30, 0.84, and 0.17 at 640, 655, 670, and 700 nm, observed in solvents such as TH 7.4 and diethyl etheg
respectively) and became negative at the longest wavelength= 4.3). This is, however, not the case. Conversely, a higher
(0p/oy = —0.10 at 730 nm). Similar observations were made Viscosity will slow the dipolar relaxation of the solvent by
in 1-butanol: ox/a; = 3.03 at 625 nm, decreasing to 1.96, 0.90, increased friction forces. Furthermore, the oxygen of 1-butanol
and 0.37 at 640, 655, and 670 nm, respectively, and becomingcompetes more efficiently than the oxygen of methanol with
progressively more negative at longk, (o/o; = —0.27 at the aniline nitrogen of BODIPY for protons. Hence, one can
700 nm andxy/a; = —0.68 at 730 nm). This fast componentis also expect a less important hydrogen bonding in 1-butanol
observed in methanol and not in nonprotic polar solvents as leading again to a smaller red shift due to a rearrangement of
THF, ethyl acetate, or dioxane, which have a similar viscosity. the hydrogen bond after excitation. As the solvent relaxation
Therefore, it is more likely to be due to a rearrangement of the involves a weakening of the hydrogen bond after excitation (see
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(a)

(b)

Figure 3. Schematic representation of the changes in charge distribution between the ground state and the excited state, as computed at the
INDO/SCI level on the basis of the ground-state (a) and excited-state (b) geometry.

above), it is difficult to understand why this should be slowed similar to eqs 4 and 5 for a spherical cavity with radéu@ut
in the less polar 1-butanol where a less extensive rearrangementvhere the excitation energies and dipoles are obtained at the
is necessary. However, the difference in viscosities (0.597 cP output of a SCRF proces®).From the molar mass df and
in methanol and 2.95 cP in 1-butanol) can explain why the assuming a density of 1 g/éra radiusa ~ 5.8 A was inferred.
rearrangement of this hydrogen bond after excitation is slower This is, however, an upper limit fa@, because the corresponding
in 1-butanol. molar volume includes space between spheres and this space is
2.3. Solvatochromic EffectsAt the simplest level, solvent-  expected to be filled with solvent. An alternative is to describe
dependent shifts of the fluorescence emission spectra arethe solute on the basis of inscribed cuBshich leads ta ~
interpreted in terms of the LipperMataga equation (eq 7, 4.8 A. Here, we have adopted an intermediate valoé 5.25
theoretical section), which describes the Stokes shift= Vaps A that provides well-converged SCRF properties for all solvents
— Tem) as a function of the interaction between the change of considere#! and spectral shifts in reasonable agreement with
the dipole moment ofl upon excitation, and the dipole in  experiment.
solvents with different dielectric constants) @nd refractive The INDO/SCI calculations indicate a significant increase
indices ().28 2° in the vertical dipole moment differen@gigevhen going from
The use of eq 7 is limited to transitions where the excited- the (AM1/CAS-CIl) ground-state equilibrium geometry (i.e.,
state reached after absorption is also the emissive state (hencitial state for absorption) to the excited-state geometry (initial
for Sy — S, excitation and identical dipole moments for the state for emission); in the gas phase, these values amount to
Franck-Condon and relaxed excited states) and where the ~2.6 and~7.3 D, respectively. This is illustrated in Figure 3,
excited-state dipole moment is independent of solvent polarity. displaying the changes in charge distribution between the ground
To go beyond the limitations imposed by the Lippert model, and excited states, as obtained from a ZDO (zero differential
INDO/SCI calculations are presented here, in which self- overlap) analysis on both geometric structures. Although the
consistent reaction field (SCRF) calculations are performed for excited-state wave function (the differential density betwegn S
pairs of states (ground state excited state) considering full and S; see Figure 3) is still mostly confined on the BODIPY
(i.e., electronic and inertial) relaxation in the initial state and core, larger contributions on theN,N-dimethylaminostyryl side
only electronic relaxation in the final state (see Theoretical chain are computed in the excited-state configuration. These
Section). The interaction between the final state and the meanare consistent with increased charge-transfer contributions and,
reaction field created by the initial state leads to expressions therefore, also a larger permanent dipole in the excited state.
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; ot _ ; i Figure 6. Plots of the vertical dipole moment differences in the ground
electronic excitation, the ground-state vertical absorption is very |AliedG)| (circles) and excitei,dE)| (squares) state geometries and

slightly (blue) shifted with increasing solvent polarity (in the the adiabati¢Azgd{ad)| (triangles) dipole moment difference in solvents
ground-state geometry, we havey(G)l ~ [ue(G)l and the (1—-18) vs the Lippert solvent parametaf. The numbers refer to the
spectral shift mostly arises from solvent polarizability), while same solvents as in Figure 1 and Table 1.
the excited-state vertical emission is strongly red-shifted (in the
excited-state geometry, we hafig(E)| > |ug(E)|), see Figure becomes significant.) When only the (dominant) contribution
4. The asymmetric evolution of the spectral shifts in absorption from emission to the Stokes shift is retained, egs 4 and 5 can
and emission predicted on the basis of the INDO/SCI results is then be combined into the LipperiMataga expression (eq 7),
fully supported by the experimental data (compare parts a andbut whereAigis the dipole difference computed in the excited-
b of Figure 4). state equilibrium geometry. The best linear fit of the measured
Stokes shiftAv in the solvent polarity range (8 Af < 0.15)
(Figure 5) yieldsAjigdE) ~ 7.4 D fora = 5.25 A, in excellent
primarily from the nonlinear evolution of the Stokes shift in agreemept with the Ealcula'.[ed value (Figure (.5)' For more polar
the more polar solvents, that is ff > 0.2. solvents ii(E) andA/Age(z?le increase substanﬂally, the dep_en-
) ) ) T dence of the Stokes shiv on Af is nonlinear and eq 7 fails

To rqtlonahze this evplutlon, itis useful to look at the relevant reproduce the experimental data. The more pronounced
state dipole moment differences, namelige(G)|, |AtigdE)I, evolution of fig(E) with Af (as compared t@iy(G)) and the
and|Azigd(ad)|(the difference between the dipoles in the relaxed resulting increase ilviigdad) [and to a lesser extemiig(E)]
ground and excited states, i.e., the “adiabatic” dipole moment jikely arise from the larger polarizability dfin its excited state.
difference) (see Figure 6). The vertical dipole differences |nthe SCRF procedure applied here, the total dipole of the solute
|Alig{G)| and|AgdE)| show hardly any dependence on solvent  molecule in a given excited state is the sum of the source (initial)
polarity, while the adiabatic quantityAzig{ad)| increases  dipole and an induced contribution associated with the solvent
significantly in more polar solvents (fokf values larger than  reaction field. As the latter contribution is proportional to the
~ 0.15). For compoundl, it turns out that: |AigdE)l > polarizability (@) of the solute in that state, a larger induced
|Afig(G)|. In addition, |iie(E)| ~ |AligE)| for small Af values dipole in the excited state follows fram > og. Although we
(<0.15). (In more polar solvents the ground-state dipole did not pursue this further, we note that expressions for the

As a consequence of the reshuffling in charge density upon

Interestingly, both theory and experiment yield a poor linear
relationship of the Stokes shiftv vs Af (Figure 5). This arises
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17 The solvent effect ofaps Vem and the Stokes shifhv can
3000+ 14 ../ also be described on the basis of a multilinear expression (eq
2500 12 /,'/'/ 18 . te)
] e 15 y=Yo+aA+bB+cC (1a)
2000 0o /01 . - - ; i
. ) 10w/ » in which ygp stands for the physicochemical property of interest
§ 1500 4 ;¥ in the absence of solvent (i.e., in the gas phaad); andc are
. . // . adjustable coefficients that reflect the dependency of the
< 1000 - 5 6/ '3 8 physicochemical property) in a given solvent on the various
- },é' (A, B, C) solvent parameters. Atlleast two different sets of
500 - 4 4 solvent scales can be found in the literature to characterize these
Ve solvent properties. In the present analysis, the polarity/polariz-
0 - ability, the acidity, and the basicity of the solvent are taken

00 01 o2 03 o0z 05 06 07 os into account. Kamlet and Téakput forward ther*, o, andf
y parameters to characterize, respectively, the polarity/polariz-

Er(30) ability, the acidity, and the basicity of a solvent (eq 1b).

Figure 7. Stokes shift Av) (in cm™) of 1 as a function of the solvent  Conversely, Catataet al. proposed empirical solvent scales for

_pola_rity parameteErN(30). The num_bers_refgr to the same solvgnts as polarity/polarizability (SPF37), for acidity (SA7), and for

in Figure 1 and Table 1. The straight line is the best linearrfit=( basicity (SB7-39 to describe the respective properties of a given

0.982) for the nonprotic solvents (i.e., excluding methanol and . -

1-butanol). solvent (eq_ 1c)_. The essential dlfferen’ce between the two sets
of scales lies in the fact that the Catalacales have been
constructed with data obtained from the same laboratory, by

spectral shifts accounting for such changes in polarizability using always the adequate probe/homomorph pair, and therefore,

between ground and excited state have been deff&d. these scales represent the corresponding pure effects. The data

values from the scales by Kamlet and Taft, however, have in

many cases been obtained from an average of about 40 probes,

measured by different authors from several laboratories.

While the Lippert solvent parametéf only considers the
permanent dipole moment and to some extent the polarizability
of the solvent, other solvent polarity scatesg., the normalized
ErN(30) scalé*—used to describe the solvatochromic shifts Y=Y+ a,a + by +c*r* (Kamlet-Taft) (1b)
observed in the absorption and fluorescence spectra also take
into account the hydrogen bond donating and accepting character Y= Yo+ aspSA + bggSB + cppSPP (Catdlid) (1c)
of the solvent. Figure 7 shows the Stokes shift of 1 as a
function of theErN(30) solvent parameter. From this figure, ~ Table 2 lists the estimated coefficienyis a, b, ¢ (see eq 1)
two different groups of solvents can be distinguished: nonprotic @nd correlation coefficients)for the multiple linear regression
and protic (methanol and 1-butanol) solvents. There is an analysis of the absorptiorv{,d and fluorescence emission

adequate linear relationship< 0.982) between the Stokes shift Eaxilma j?ef?) andlt)he Séo(l;es,shm ff 1 asl a functi(l)n ?cf thﬁ
and theErN(30) polarity scale for the nonprotic solvents (i.e., amlet-Taft (eq 1b) and Catata(eq 1c) solvent scales for the

excluding methanol and 1-butanol). A similar linear relationship pure s_olvents (118 of Table*l). The KamletTatt solvato-
(r = 0.984) was found between the fluorescence emission chromic parameters, /5, andzr* parameters are taken from ref

. _ ) 39, while the Catala solvent parameters SA, SB, and SPP are
maximum¥em and Er"(30) for the nonprotic solvents. For the from refs. 36-38. Both sets of solvent scales produce similar
protic solvents methanol and 1-butanol, the Stokes shift is much qualitative results, although the Cdtalscales yields somewhat
smaller than expected based on #¢'(30) scale. For, an better fits forvemandA¥ (as judged by the correlation coefficient
increase of the permanent dipole moment of the solvent leads, g¢ goodness-of-fit criterion).
to a large red shift of the emission while increasing the hydrogen  The correlation coefficients’) for the multilinear fits of the
donating character of the solvent leads to a negligible red shift apsorption maxima df vs solvent polarity/polarizability, acidity,
or perhaps even a blue shift of the emission from the relaxed and basicity are far from 1.0. However, there is a linear
excited state. This corresponds to our earlier discussion on therelationship betweenypsand the Catalasolvent polarizability
delocalized structures shown in Figure 2. parameter SP (see below). Conversely, much bettalues

TABLE 2: Estimated Coefficients (yo, @, b, ¢; See Eq 1) and Their Standard Errors and Correlation Coefficients () for the
(Multiple) Linear Regression Analysis of the Absorption (7.,g) and Fluorescence Emission Maximain), and the Stokes Shift
AV = vaps — ¥em Of 1 in Solvents 1-18 (Table 1) as a Function of the Catdla (eq 1c; Acidity SA, Basicity SB, and Polarity/
Polarizability SPP) and Kamlet—Taft (eq 1b; Acidity o, Basicity #, and Polarity/Polarizability 7*) Solvent Scales

Catala Yo (cm™?) asa bsg Cspp r

Vaps (17.04 0.2) x 10° (14+2) x 1 (24+2) x 1 (-5 3) x 1 0.505
Vem (20.0+ 0.3) x 10° (34 3) x 10? (4+2) x 102 (—6.5+ 0.4) x 10° 0.978
Vem (20.0+ 0.3) x 10° (—6.3+0.4) x 10° 0.973
AV (—2.94+0.4) x 10° (4+4) x 107 (—243) x 10 (6.0+ 0.5) x 10° 0.962
Kamlet-Taft Yo (cm™?) a, by [os r

Vabs (16.84 0.1) x 103 (1+1)x 1 (2+2) x 1 (—3+1) x 1¢? 0.631
Vem (16.6+ 0.2) x 10° (-4 +3) x 1 (—3+4) x 1 (—2.7£0.3) x 10° 0.947
Vem (16.5+ 0.2) x 10° (-2.9+0.3) x 10° 0.929

AV (2+2) x 10 (4+3) x 10 (5+5) x 10 (2.4+0.4) x 10° 0.912
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_ Figure 9. Linear relationshipr(= —0.948) of the experimentala,s
Experimental v,/ cm’ (in cm™Y) of 1 vs the Catdla solvent polarizability parameter SP. The
Figure 8. Linear relationship{ = 0.978) between the experimental numbers refer to the same solvents as in Figure 1 and Table 1.

and predicted fluorescence emission maxima(in cm™) of 1 obtained 7

by a multiple linear regression analysis according to eq 1c in wich 0.00028 -
and the Catdlasolvent polarity/polarizabilitydsed, the acidity bsa), "
and basicity €sg) coefficients are estimated simultaneously. The 0.000244 2 4
numbers refer to the same solvents as in Figure 1 and Table 1. _ ., .

"E oovoz0{ " 8 .
are found for the multilinear fitting of the fluorescence emission -, 4 ® o 12
maximavem For both sets of solvent scales, the estimated = 500164 .
coefficients describing the solvent polarity/polarizability (large - * "
and negativecspp and c;* values) indicate that the solvent "é 0.00012 13 14
polarity/polarizability is the main parameter responsible forthe = "
shift of the fluorescence emission band,f) to lower energies, 0.00008 4 h
corroborating the observed bathochromic shifts of the emission
maximumvenwith higher () — ¥, f(n?)] (see Figure 4). The 0.00004
(absolute) values of the coefficiergiga andbsg are indeed much
smaller tharcspr The same is true fos, andbs compared to 000 005 010 015 020 025 030 035
c.*. Furthermore, for the fits ofem, the standard errors on the AF
parametersasa and bsg (and a, and bs) are of comparable  Figyre 10. Plot of ki(n®7er?)) vs Af for 1. The numbers refer to the
magnitude as the parameters themselves. The errors aipp same solvents as in Figure 1 and Table 1.

andc.*, however, are much smaller. Fitting a linear equation

with the solvent scale SPP as the only independent variable toparameter SP (SPscale) for 16 solvents of Table 1 [the SP
Pem (€q 1b withasa = 0 andbsg = 0) confirms that the polarity/  values for dibutyl ether (solvent 5) and diisopropy! ether (solvent
polarizability of the solvent is the most important factor 6) are not available right now], an excellent linear relationship

determining the fluorescence emission maximum. Indeed, this (eq 2,r = —0.948) is found betweena,s and SP (Figure 9),
linear fit (Catala, Table 2) has a similarvalue (0.973) as the
multilinear fit (r = 0.978). An analogous result is obtained for Vaps= Vape + gpSP 2

the Kamlet-Taft scale: if the solvent parametet is used as

the only independent variable in the linear equation todif with vapd = (18.14+ 0.1) x 10® cm ! andagp = (20 & 2) x

(eq 1c witha, = 0 andbg = 0), the obtained correlation  1C?. This clearly indicates that the absorption spectra depend
coefficient ¢ = 0.929) is somewhat smaller than for the only on the change of polarizability of the environment of the
multilinear fit (r = 0.947). chromophore.

Figure 8 shows the relationship between the fluorescence Using the fluorescence decay timeand the fluorescence
maxima Pem) predicted by the multicomponent linear regression quantum yieldgy, the rate constants for fluorescendé® @nd
using the estimateaksa, bsg, andcsppcoefficients (Catdlascale, nonradiative decaykg,) can be calculated according to eq 9
eq 1c) vs the respective experimental values. There is a linear(see Experimental Section). The data in Table 1 show khat
relationship encompassirall solvents (+18), corroborating decreases with increasing solvent polarity. Sikci propor-
the high correlation coefficient found for the multilinear Catala tional to the product of the squared transition dipole moment
fit. An analogous curve ofeny for the Kamlet-Taft solvent Wlit|yel, nd, andven (g 3)#*
scales (figure not shown) indicates that the KamiEaft scales
is slightly less appropriate than the Catasales for describing 647t 5 3 w3
the solvent dependent fluorescence emission shifts of k= 3h NVem WalitlYe ®)

The small solvatochromism dffor absorption is noteworthy.

Indeed, the data of Table 2 indicate thagsdoes not depend  we plottedki/(n®vend) of 1 vs Af in Figure 10. In eq 3i stands

on solvent polarity/polarizability, acidity, or basicity. However, for the dipole moment operator. This ratio remains practically

this small change may reflect just a slight change in polariz- constant up toAf ~ 0.20 and then decreases with increasing

ability on the environment of the chromophore. Indeed, when Af to reach about half its value in acetonitrile compared to the

one plotsrapsas a function of the Catatesolvent polarizability apolar solvents. This means that the transition dipole moment
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Figure 11. Plot of log K&n/S™%) VS Vem (in cm™) for 1. The numbers
refer to the same solvents as in Figure 1 and Table 1. The straight line
is the best linear fit(= —0.974) to the data. pH
120000+ g-;g
Wcli|lyedhas decreased by 30%. This corresponds to the 100000- 218
increase of the excited-state dipole moment in more polar —— 258
solvents as suggested by the nonlinear Lippbtataga plot 80000 2.26
(Figure 5) and theoretical calculatiofts. 3 f‘gg
The strong increase d¢,, upon increasing solvent polarity ;‘E Gk 0.80 ®)
(Figure 11) can be rationalized ki, can be attributed mainly 400004 ——0.38
to internal conversion. This nonradiative transition is ac-
companied by a large change in dipole moment. Although there 2000047\ ;. =660 nm
is no full electron trans_fer as in exciplextsthe nonradiative _ . "‘"ﬁ“"“"'“\vﬁzwz'_}
processes can be considered to be due to some extent to a partial 300 350 400 450 500 550 660 6%0
charge transfer between the strongly coupled BODIPY and
aniline moieties. The free energy dependence of the rate of Wavelength / nm
charge transfer is currently described in Marcus’ therin
the framework of this theory, the solvation will act as accepting
o : 1000 H
modes for this internal conversion procé33he energy gap P
between the singlet excited state and the ground state is, in all =4l
) i ——376
solvents, close to or above 2 eV; thus, it always exceeds the 800 318
reorganization energy, and the nonradiative process proceeds o058
in the “inverted” regiorf® Increasing the solvent polarity 6004 2.96
decreases the energy gap and simultaneously increases the 2.06
reorganization energy. In the “inverted” region, both factors will = 1.60
increase the rate of the nonradiative process. As the increased = 4007 © 0.80
value ofk, can be rationalized in the framework of Marcus’ -
theory, the effect of the changing electronic structure in more 200 /|
polar solvents is apparently less relevant thankfor A..=530 nm
2.4. pH Dependence of the Absorption and Fluorescence 0 : . —— : .
Spectra in Acetonitrile Solution. Protonation of the tertiary 550 600 650 700 750
amine function drastically alters the electron-donating properties Wavelength / nm

of the tertiary amine group and consequently is expected t0 gigyre 12. (a) Absorption spectra of in acetonitrile solution as a
switch off the ICT to the borondipyrromethene moiety. In  function of pH. (b) Corresponding fluorescence excitation spedtra (
acidified acetonitrile, this produces the typical BODIPY-like = 660 nm). (c) Corresponding emission spec#& € 530 nm).

narrow absorption and emission bands with a very high  The fluorescence excitatiorid, = 660 nm) and emission
fluorescence yiel§1323 The absorption spectra dfin aceto- spectra {ex = 530 nm) of 1 in acetonitrile are shown as a
nitrile are shown as a function of pH in Figure 12a. The function of pH in Figure 12, parts b and c, respectively. The
absorption spectra dfshow a decrease of the absorbance band fluorescence signals increase significantly with increasing HCI
with a maximum at 597 nm with increasing HCI concentration concentration. In the same way as the absorption spectra, the
(i.e., lower pH) and a simultaneous increase of the absorption fluorescence excitation maximum at 597 nm (neutral amine
at 553 nm. Varying the pH also gives rise to several isosbestic form) moves to 552 nm (positively charged ammonium form)
points (at 566, 465, 336, and 280 nm). The lowest-energy at lower pH. The highest: value (0.91, determined by excitation
absorption band of the ammonium form of the dye is blue- at 530 nm) is found for the ammonium form (at the lowest pH,
shifted by about 40 nm in comparison to that of the neutral namely 0.38). The width of the fluorescence excitation band is
amine form. The width of the absorption band of the neutral also reduced in going from the amine (fwhm1908 cn1?) to
amine (fwhmps = 1794 cnrl) is ~50% smaller in the the ammonium form (fwhns&= 825 cnt? in acidified acetoni-
ammonium form (fwhmys= 791 cnt?). trile), stressing the influence of the conjugated (unprotonated)
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an excitation wavelength where the intensity decreases with
120000 . lower pH (lex = 600 nm) yields the samekp value (2.28+
0.05). These results are in perfect agreement with the curve-
fittings using the absorption spectra of Figure 12a (at 552 nm:
pKa = 2.21 4+ 0.05, at 595 nm: g, = 2.28 + 0.05) and the
emission spectra of Figure 12t = 562 nm: K, = 2.25+
0.04, atlem= 605 nm: Ky = 2.17+ 0.03). These results show
that the obtainedk, values are independent of which spectral
data are used and of the selected wavelengths. All estinmated
values are indicativefca 1 to 1binding between dyd and
HT.
Since large spectral shifts are observed in the fluorescence
; excitation spectra, theatiometric method (eq 11, see Experi-
20000 4 mental Section) can be used to estimate valud&of he ratio
R = F(lemde)/F(lemider) of two fluorescence excitation
o0 o1 o2 o3 o4 os intensities (atler = 600 nm andie? = 553 nm) with
(H]/M observation afem = 660 nm as a function of pH was used to
estimateK, andn. Figure 13b shows the best fit of eq 11 to the
25 above-definedratiometric fluorescence excitation data, from
which values ofK, and n are obtained. The Ky, value from
ratiometric excitation data estimated on the basis of eq 11 is
2.0 2.3+ 0.1, in good agreement with that obtained by thect
titration method. The estimatedvalue indicates that binds

" Ao = 6160 nm , one proton.
1.5 R=2, (600nm)/x, (553 nm)

100000

80000

Flau.

60000

40000

3. Experimental and Theoretical Sections
3.1. Materials. All solvents for the spectroscopic measure-
ments were of spectroscopic grade and were used without further
i (b) purification. The chemicals for the synthesis were of reagent
0.5 L grade quality, procured from commercial sources and used as
L

received. Boron trifluoride etherate was ca. 48%x.BF
3.2. NMR and Mass SpectralH and3C NMR spectra were
0.0 ) " recorded on a Bruker Avance 300 instrument operating at a
- frequency of 300 MHz fofH and 75 MHz for’*C. IH NMR
0.0 0.1 02 03 04 05 spectra were referenced to tetramethylsilane (0.00 ppm) as an
[H7/M internal standard and chemical shift multiplicities are reported

— o — i 1
Figure 13. (a) The solid line represents the best fit of eq 10 witk as s= singlet, d= doublet, ,and m= multiplet. 1°C spectra

1 to thedirect excitation fluorimetric titration data of obtained from ~ Were referenced to the residual CRGignal (77.67). Low-

the spectra of Figure 124, = 660 nm,Aex = 553 nm). (b) Best fit resolution mass spectra were recorded on a Hewlett-Packard
of eq 11 withn = 1 to theratiometric excitation fluorimetric titration 5989A mass spectrometer in electron impact (El) mode. High-

data of1 obtained from the spectra of Figure 12la(= 660 nm e/ resolution EI mass spectra were recorded on a Kratos MS50TC

Aei? = 600/553 nm). system coupled to a Mach 3 processing unit with a resolution
_ _ o of 10000.

amine group on the spectroscopic properties of solvents of 3.3. Synthesis of 4First, 408 mg (3 mmol) op-methoxy-

any polarity. When HCIQ(70% v) is added to the acetonitrile  penzaldehyde and 570 mg (6 mmol) of 2,4-dimethylpyrrole were
solution of 1 (pH < 0), ¢ increases to 1.00 and fwhpa is dissolved in 50 mL of dry dichloromethane. One drop of
reduced to 725 cnif (see Table 1). The apparent pH indepen- yifyoroacetic acid (TFA) was added to the solution and the
dence of the spectral shape and the maximum of the fluorescencgeaction mixture was stirred for 16 h at room temperature under
spectra (Figure 12c) are due to the lower emission quantum grgon. After disappearance of the aldehyde (monitored via thin-
yield and the small absorption coefficient of the neutral form layer chromatography), a solution of 500 mgpséhloranil in
(compared to the protonated form) at 530 nm. This elucidates gichioromethane (30 mL) was added to the solution and stirring
the different fluorescence spectra observed in Figure 1 and inyyas continued for another 0.5 h. 3 mL of absolute triethylamine

Figure 12c at pH 4.40. was then added to the mixture and after stirring for 15 min, 3
The acidity constanK, and the stoichiometrynj of the mL of BF;—OEb was added dropwise. The stirring was

binding of H" by the tertiary amine group of compoutdvere continued for the nex2 h and then the mixture was washed

determined by fitting eq 10 or eq 11 (see Experimental Section) with water. The separated organic phase was dried over MgSO

to the fluorescence excitation or emission spectral data. evaporated, and purified through a silica column (eluent:
The first method for estimating, and the stoichiometrynj hexane/ethyl acetate 7/3 v/v) to obtain 402 mg (38%) of shiny

is the direct fluorimetric titration (eq 10, see Experimental red crystals of compound. mp 214-216 °C.

Section). The results of thdirect fluorimetric titration using 1H NMR (300 MHz, in CDC}): 7.20 (d, 2H,J = 8.2 Hz,

the excitation data of Figure 12l = 660 nm,lex = 553 ArH); 7.03 (d, 2H,J = 9.1 Hz, ArH); 5.9 (s, 2H, H2 and H6);
nm) are displayed in Figure 13a and yield lg,walue of 2.27 3.8 (s, 3H, OCH); 2.5 (s, 6H, 2x CHg); 1.4 (s, 6H, 2x CH3).
+ 0.05 and a well-defined 1:1 stoichiometry betwekand LRMS: (El, 70 eV) 354 (M 100), 339 (20), 335 (11), 334
H*, indicative of ammonium ion formation. A similar titration  (41). HRMS (El): calcd for GoH21BF2N2O, 354.1715; found,
using the excitation spectra of Figure 12 = 660 nm) at 354.1715.
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3.4. Synthesis of 1Compound4 (70 mg, 0.2 mmol)p-N,N-

J. Phys. Chem. A, Vol. 110, No. 18, 2008007

solvent dielectric constant, the solvent refractive index, and the

dimethylaminobenzaldehyde (40 mg, 0.28 mmol), piperidine radius of the spherical cavity in which the fluorophore is
(0.1 mL), acetic acid (0.1 mL), and a small amount of molecular contained, respectively. If the same excited state is involved in
sieves were suspended in 2 mL of dry toluene in a 10 mL glass absorption and emission, i.e., neglecting the influence of
tube sealed with a Teflon cap. The sample was irradiated atgeometric relaxation in the excited stafe;(G) = iig(E) = jq,

200 W and 19CC for 20 min in a CEM-Discover monomode

Ue(E) = ie(G) = lte, andAligd G) = Aligd[E) = Alige, SUbtracting

microwave apparatus. After completion of the reaction, the cold eq 4 from eq 5 yields the well-known LipperMataga
mixture was directly poured into a silica gel column and eluted expression for the Stokes shift29

with a 1/1 (v/v) dichloromethane/hexane mixture. The collected
blue fraction was subsequently recrystallized from chloroform/

hexane to yield 25 mg (26%) of deep blue crystalslofnp
296298 °C.

H NMR (300 MHz, in CDC}): 7.53 (m, 3H; 2H for ArH;
1H for vinylic); 7.23 (m, 3H; 2H for aromatic (MeOPh); 1H
for vinylic); 7.03 (d, 2H,J = 8.7, aromatic (MeOPh)); 6.71 (d,
2H,J = 8.7, ArH); 6.60 (s, 1H, H6); 5.97 (s, 1H, H2); 3.89 (s,
3H, OCH); 3.04 (s, 6H, NMe); 2.59 (s, 3H, G 1.49 (s, 3H,
CHy); 1.44 (s, 3H, CH). 13C NMR (75 MHz, in CDC}): 14.5,

AV 2Af

— 2
v = ——(U,- H,)" + constant
Aehce e e

(7)

AV = Vaps— Vemis the frequency shift in wavenumbers (Th
between absorptionv{,d and fluorescence emissionef), Af
= f(e) — f(n?), h = 6.6262x 10734 J s is Planck’s constant,
= 29979 x 10° m s! is the velocity of light, ey is the
permittivity of vacuum (8.8542 10712 C2 N~ m2).

3.6. Steady-State Spectroscopyl.he absorption measure-

15.0, 15.3, 40.6, 55.7, 112.4, 114.7, 117.9, 120.7, 125.1, 127.8,1ants were done on a Perkin-Elmer Lambda 40 UV/vis
129.6,130.0, 137.9, 139.3, 141.2, 143.2, 146.0, 151.4, 160.4.gpectrophotometer. Corrected steady-state excitation and emis-

LRMS (El, 70 eV): 486 (19), 485 (NM100), 484 (11), 450 (9).
HRMS (El): calcd for GgHszoBF.N3O, 485.2450; found,
485.2454,

3.5. Quantum-Chemical Calculations.Ground-state and

sion spectra were recorded on a SPEX Fluorolog. For the
determination of the fluorescence quantum yieldl$i6 solvents
1-18, dilute solutions with an absorbance below 0.2{t=
560 nm were used. Cresyl violet in methang{ € 0.55) was

excited-state geometry optimizations of the isolated molecule ;seq as fluorescence stande¥dEor solvent 19 #r was
in the gas phase have been performed at the AM1/CAS-CI yetermined by excitation at 530 nm. Thevalues reported in

(complete active spaeeonfiguration interaction) levef.48

Table 1 are the averages of multiple (generally 4), fully

These geometries have been subsequently used as input fofndependent measurements. Thevalues as a function of pH

INDO/S*/SCI (single configuration interaction) calculations of
the vertical electronic excitatior?s.

were measured by excitation at 530 nm. In all cases, correction
for the refractive index was applied. All spectra were recorded

The solvent effects have been modeled within a self-consistentat room temperature on nondegassed samples.

reaction field (SCRF) model in the presence of a dielectric

3.7. Time-Resolved Spectroscopyluorescence decay traces

continuum. The model assumes that the absorption [emission]os 1 were recorded at several emission wavelengths by the

process is instantaneous so that only the (fast) electronic gingle-photon timing metho® Details of the instrumentation
polarization of the solvent is allowed to respond to the excited- |,sed3 and experimental procedufdshave been described
state [ground-state] charge distribution (i.e., the nuclei are frozen g|sewhere. The samples were excited at 530 or 580 nm with a

in their initial configuration). In the simplest case of a spherical repetition rate of 8.18 MHz. Fluorescence decay histograms were

cavity with radiusa, retaining only electrostatic contributions,

collected in 4096 channels using X010 mm cuvettes. The

the solvent shifts for absorption and emission can be expressed,psorbance at the excitation wavelength was always below 0.1.

ass

AEps= EgeSOIventG) - Egegas(G) =

-2 {_ _
G)Al(G) x
o A (C)

[(e) ~ ()] + (@) ~ @D} (4)

-2 [_ .
A= E™(E) ~ B, 1E) = i(E)A,E) x

Are@a
[(e) — )] + 312."®) — i ©W)} (6)

with

_e-1 n_ nP-1
f(e)_Ze—i-l and f(n)_2n2+1

(6)
wherejig(G) denotes the ground-state (subscript “g”) dipole in
the ground-state geometry (capital “G”); similariy(E) is the
excited-state dipole in the excited-state geomeNy;{G) =
idG) — fig(G) [respectively, AigdE) = ZdE) — fig(E)]

All lifetime measurements were performed on nondegassed
samples at 20°C. Histograms of the instrument response
functions (using a LUDOX scatterer) and sample decays were
recorded until they typically reached 46ounts in the peak
channel. The total width at half-maximum of the instrument
response function was30 ps.

The fitting parameters were determined by nonlinear least-

squares estimation by minimizing the global reduced chi-square

X

q

ng = Z IZWH(YHO - i)l (8)

where the indeX sums overg experiments, and the index
sums over the appropriate channel limits for each individual
experiment.y;i® andy;® denote respectively the observed and
calculated (fitted) values corresponding to ilte channel of
thelth experiment, andy; is the corresponding statistical weight.
v 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

corresponds to the dipole moment difference between the groundboth graphical and numerical tests and have been described
state and the excited state in the geometry of the ground statepreviously®® The decays were analyzed first individually by a

[respectively, excited state]. The bar on topuoindicates the
vector nature of the dipole moment. n, anda stand for the

(multi) exponential decay law in terms of decay timgsnd
their associated preexponential factarsA minimum of three
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different observation wavelengthis, covering the emission  8-(4-methoxyphenyl)-1,5,7-trimethyl-3a,4a-diaza-4-bsia-
spectrum were selected for the construction of the fluorescencedacene, which shows strongly solvent dependent fluorescence
decay surface. The final curve-fitting was done by global (or emission properties. The fluorescence quantum yield and the
simultaneous) analysis in which decay traces recorded at severalifetime decrease in polar solvents in conjunction with large
AemWere described by a (multi) exponential decay function with bathochromic shifts. In acetonitrile solution, large spectral shifts
linked (global) decay times and local preexponentiats. The are observed in the fluorescence excitation and absorption
goodness-of-fit was judged for each fluorescence decay tracespectra upon protonation of the tertiary amine function. The
separately as well as for the global fluorescence decay surfacevalue of the acidity constaid, (pKa, = 2.25) of the ammonium

All reported curve fittings hag? values below 1.1. form—determined via botldirect andratiometric fluorimetric
When the fluorescence decays were monoexponential, the ratditrations—indicates that the dye can be used as a pH indicator
constants of radiativek() and nonradiativelg,) deactivation in the acidic pH range.
were calculated from the measured fluorescence quantum yield
¢r and lifetimet according to eq 9: Acknowledgment. Prof. J. Catdla (Universidad Autaoma
de Madrid, Spain) is thanked for interesting discussions regard-
k= ¢t (9a) ing his set of solvent scales and for the description of the
k. =(1— )l (9b) absorption so_lvato_chromism resulting in Figure 9. The authors
r f thank the University Research Fund of the K. U. Leuven for

grant GOA 2001/2 and IDO/00/001, and for postdoctoral
fellowships to M.B. and W.Q.. The Fonds voor Wetenschap-
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3.8. Fluorimetric Titrations. The ground-state acidity con-
stant K, of the ammonium salt ofl was determined in
acetonitrile solution at 20C by direct fluorimetric titration as
a function of pH using the fluorescence excitation or emission
spectra. To adjust the pH of the acetonitrile solutions, 0.1 and
0.01 M solutions of HCI and NaOH in acetonitrile were used.
Fitting nonlinear eq 10 (see ref 56 for more information,) to
the steady-state fluorescence dateecorded as a function of
pH yields values oK, the fluorescence signal&,in and Fmax
at minimal and maximal [H], respectively (corresponding to
the amine and ammonium forms of the dye, respectively), and

n (the number of protons bound per amine molecule). References and Notes

F H 1"+ F . K (1) Desvergne, J.-P., Czarnik, A. W., E€@hemosensors of lon and
max min " *a P
F= (10) Molecule RecognitionKluwer: Dordrecht, The Netherlands, 1997.
K.+ [H+]” (2) Haugland, R. PThe Handbook. A Guide to Fluorescent Probes
a and Labeling Technologig40th ed.; Molecular Probes, Inc.: Eugene, OR,
i . 2005.
Fitting eq 10 to the steady-state fluorescence &atath n, K, (3) Treibs, A.; Kreuzer, F.-HLiebigs Ann. Cheml968 718 208

Fmin, and Fnax as freely adjustable parameters always gave 223.

values ofn close to 1, indicating that one proton is bound per (4) Valeur, B.Molecular Fluorescence. Principles and Applications.
9 P P Wiley-VCH: Weinheim, 2002.

tgrtlary amme'molecule. Thgreforrewa§ kept fixed at 1 in the () (a) Baruah, M.; Qin, W.: Basatidl.; De Borggraeve, W. M.; Boens,

final curve fittings, from which the estimated valueskaf are N. J. Org. Chem2005 70, 4152-4157. (b) Qin, W.; Baruah, M.; Stefan,

reported here. A.; Van der Auweraer, M.; Boens, NChemPhysCher005 6, 2343~
2351.

Sllnc_e large spectral §h|ft3 are observed in the fluorescence (6) Yamada, K.: Nomura, Y.: Citterio, D.: Iwasawa, N.: Suzuki.X.
excitation spectra, theatiometric method (eq 11; see ref 56)  am. Chem. So©005 127, 6956-6957.
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