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ABSTRACT

Three new diketopyrrolopyrrole (DPP) compounds are shown to be colorimetric and ratiometric red fluorescent sensors for fluoride anions
with high sensitivity and selectivity. The recognition mechanism is attributed to the intermolecular proton transfer between a hydrogen atom

on the lactam N positions of the DPP moiety and the fluoride anion.

The recognition and detection of the fluoride ion are of
growing interest because it is associated with nerve gases,
the analysis of drinking water, and the refinement of uranium
used in nuclear weapons manufacture. As a consequence,
fluoride-indicating methodologies, which are developed to
provide critical information for fluoride hazard assessment
and fluoride pollution management, are in high demand.
Among these techniques, fluorescent molecular sensing,
which translates molecular recognition into tangible fluo-
rescence signals, has received much attention. To increase
the selectivity and sensitivity, ratiometric measurements are
utilized, which involve the observation of changesin theratio
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of the intensities of the absorption or the emission at two
wavelengths.

Ratiometric fluorescent probes have an important feature:
they permit signal ratio and thus increase the dynamic range
and provide built-in correction for environmental effects. The
perceived color change would be useful not only for the
ratiometric method of detection but also for rapid visual
sensing. Up to now, many investigations have been con-
ducted to create ratiometric fluorescent probes for cations.?
In contrast, only a few ratiometric fluorescent sensors for
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F~ have been reported in the literature.® Thus, realization of
ratiometric measurements for F~ is till a challenge.

1,4-Diketo-3,6-diphenylpyrrolo[3,4-c]pyrrole (DPP) and its
derivatives represent a class of brilliant red and strongly
fluorescent high performance pigments that have exceptional
light, weather, and heat stability.* Recently, significant
progress has been made to use DPP-containing materialsin
polymer solar cells (PSCs),® field effect transistors (FET),®
OLEDs,” two-photon absorption,® and dye sensitizing solar
cell applications. Also, the hydrogen atom on the lactam N
positions of the DPP moiety may be a useful receptor for
fluorescence sensors, and the strong H—F interaction will
result in deprotonation of a DPP amide moiety in the
presence of afluoride ion, causing a dramatic change in color
and fluorescence of the compounds. In addition, a number
of fluorene-based DPP compounds show good optical and
electrical properties due to their high photoluminescence
efficiency and good chemical and thermal stability.® There-
fore, it could be expected that some core-monosubstituted
DPP derivatives with good solubility should be “naked-eye’
colorimetric and ratiometric fluorescent sensors for fluoride
ions. However, to the best of our knowledge, there are no
reports on the fluorescent sensors based on DPP derivatives.
Here, we designed and synthesized three new DPP deriva
tives (1—3 shown in Figure 1), in which along alkyl chain
was contacted on the lactam N atom of the DPP moiety to
improve the solubility, and some substitutes were connected
to the 3,6-positions of electron-withdrawing pyrrolo[3,4-
c]pyrrole-1,4-dione via 1,4-phenylene conjugation bridges,
respectively. Indeed, it has been shown that even simple
chromophores can operate as efficient colorimetric and
ratiometric fluorescent sensors for naked-eye detection of
anions.
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Figure 1. Molecular structures of DPP compounds 1—3.

Synthetic routes to the DPP-based compounds (1—3) are
shown in the Supporting Information (Scheme S1). DPP was
converted to soluble DPP-R by N-akylation of the lactam
units, in which the alkyl DPP can produce the byproduct
with two sides substituted; fortunately, 1 can be easily
separated by column chromatography. 2 and 3 (shown in
Supporting Information) were easily synthesized by the
Suzuki coupling reaction 1 with phenylboronic acid and 9,9-
dimethyl-9H-fluoren-2-yl boronic acid, respectively. The
structures were characterized by standard spectroscopic
methods (Supporting Information).

Table 1. Photophysical Properties of 1—3 in DCM?

Aabs/nM® &/10* Aem/nM°
1 477 3.1 531
1F 571 1.8 613
2 485 4.4 545
2F 585 2.4 630
3 497 3.0 563
3F 594 1.6 635

aThe photophysical properties were measured with 5.0 x 1076 M
solutions. ® Only the longest absorption peaks are shown. ©Emission
maximum wavelength excited at the absorbance maximum.

In the experiments, n-Bus;NF (TBAF) as afluoride source
was gradually added to a dichloromethane (DCM) solution
of the DPP compound. The deprotonated abilities of 1—3
with the fluoride ion were investigated by the UV —vis
absorption and fluorescence spectra. Here, 1F, 2F, and 3F
represent the corresponding DPP-based compounds of 1, 2,
and 3 with addition of the fluoride ion, respectively. Their
photophysical properties are summarized in Table 1. When
TBAF was added to the DCM solution of 3, an apparent
color change from orange to purple in ambient light, as
shown in the inset of Figure 2a, can be observed by the naked
eye. Upon progressive addition of TBAF, the intensity at
497 nm was gradually decreased, and a large bathochromic
shift (~80 nm) of the maximum could be observed (Figure
2a). Meanwhile, a completely new band at 594 nm is
developed with clear isosbestic points at 543 nm indicating
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the formation of a second species with stronger push—pull
electron effect. As shown in the inset of Figure 2b, the
emission spectra of 3 also displayed obvious changes when
the fluoride ion was added. With the fluoride ion addition, a
decrease of the emission at 563 nm and the emergence of a
red-shifted emission band at 635 nm were observed.
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Figure 2. (a) UV —vis absorption spectra of 3 (5.0 x 1075 M) in
DCM upon addition of 0—2.0 uM of TBAF. Inset: color changes
upon addition of F~. (b) Emission spectra of 3 (5.0 x 1076 M) in
DCM upon the addition of 0—2.0 uM of TBAF. Inset: red emission
during titration experiment with F~.

On the basis of the above facts, a possible explanation
for the ratiometric absorption changes is the intermolecular
proton transfer (1PT) process between the amide moiety and
fluoride ion and its change from electronically neutral (Ar-
DPP-NH-Ar) without a fluoride ion to negatively charged
(Ar-DPP-N"-Ar) with a fluoride ion (Scheme 1). The
modulation in the electron-donating capabilities of the amide
group in the presence and absence of fluoride directly
influences the internal charge transfer (ICT) from the amide
moiety to the conjugated system of the sensors. In the
presence of fluoride, the ICT effect from the amide anion to
the electron-withdrawing moiety is enhanced, which was
facilitated by the deprotonation of the amide moiety. This
enhancement in ICT effect also affords the reduced intensity
and bathochromic shift of fluorescence as a function of
fluoride concentration.
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Scheme 1. Intermolecular Proton Transfer between 3 and the
Fluoride lon
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Figure 3. Partial *H NMR spectra of sensor 3 in CDCl; in the
presence of (a) 0 equiv, (b) 1 equiv, and (c) 2 equiv of TBAF.

To confirm thisassumption, proton NMR titrations were carried
out (Figure 3). It was found that the amide NH proton signd
(~10.56 ppm) decreased and findly disappeared with addition of
F~, which is well recognized to be due to hydrogen bonding
formation; therefore, the result is congstent with the breaking of
hydrogen bonding when the fluoride ion was added.

A near-linear correlation of sensor 3 between intensity ratios
of absorbance a 594 nm to those at 497 nm (Asgs/Aug7) VS
fluoride ion concentration in DCM was obtained (Figure 43).
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Figure 4. (a) Plot of the absorbance ratio of 3 between 594 and
497 nm (Asos nm/Aag7 nm) VS concentration of F~in DCM. (b) Plot of
the emission intensity ratio of 3 between 635 and 563 nm (I ezs5 nm/
Iss3nm) VS concentration of F~ in DCM.
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This demonstrates the potential utility of sensor 3 for
calibrating and determining fluoride ion concentration in
DCM. Furthermore, F~ could be detected at the parts per
million level when sensor 3 was employed at 5.0 x 107°
M, and Asqs/A4g7 @ so increased linearly in this concentration
range. A corresponding correlation between emission ratio-
metric response of 3 at 635 and 563 nm (I gzs/1563) and fluoride
ion concentration in DCM was obtained in Figure 4b which
demonstrated that 3 can serve as a ratiometric fluorescent
sensor for F~. Similar effects were observed for 1 and 2 (see
Supporting Information).
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Figure 5. () Absorbance ratiometric response of 3 between 594
and 497 nm to the halide ions (150 «M).(b) Emission ratiometric
response of sensor 3 to the halide ions (150 uM). The emissions
were at 635 and 563 nm and excited at 435 nm.

The experimental results suggest that compound 3 shows
high selectivity in colorimetric and fluorescent sensors for
the fluoride anion. As depicted in Figure 5a, the absorbance
at 594 nm was approximated 3-fold than that at 497 nm with
addition of 30 equiv of TBAF. Furthermore, no changes
were found with addition of other halide ions (also see
Figure S6 in the Supporting Information). Figure 5b shows
that emission intensity at 635 nm of 3 was approximated
8-fold than that at 563 nm with addition of 30 equiv of
F~, while CI~, Br7, and |~ caused no changes in the
emission spectra. Moreover, the selective properties of 1
and 2 show a similar response to the titration of TBAF
(Figure 6). Appearance of the red color and red emission
of 1 and 2 can also be expected because of deprotonation
of the NH proton caused by TBAF addition. However,
other halide ions produced insignificant changes in both
absorption and emission spectra.
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Figure 6. (Top) Color (a, left) and fluorescence (b, right) change
of 1 (fromlefttoright: Lonly; 1+ F;1+CI7; 1+Br; 1+17).
(Bottom) Color (c, left) and fluorescence (d, right) change of 2
(from lefttoright: 2 only; 2+ F; 2+ Cl—; 2+ Br; 2+ 17)

In summary, we have developed a novel prototype of
highly efficient colorimetric and fluorescent fluoride sensors
1-3 incorporating DPP. For receptors 1—3 in DCM, the
addition of fluoride results in vivid orange-to-red absorption
color change and yellow-to-red emission color change due
to deprotonation, in which 3 exhibits the best sensitive
property and detects fluoride concentrations in a range of
0—10 uM at visible region wavelengths. The core mono-
substituted DPP design is an effective approach to develop
novel colorimetric and red fluorescent fluoride sensors.
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