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The functionalization of perylene bisimide by squaric acid
afforded halochromic dyes with pronounced acidity. The dye
senses solvent polarity, pH and humidity by means of
pronounced changes in absorption spectra and thin film color
through the intramolecular charge transfer between perylene
and cyclobutene cores initiated by protonation/deprotonation.

Perylene bisimide (PBI) dyes have attracted considerable interest
due to their outstanding absorption and fluorescence properties,
thermal and chemical robustness, and strong electron affinity, with
the latter arising from the low-lying lowest unoccupied molecular
orbital (LUMO) energy caused by electron-withdrawing imide
groups.! Owing to these properties, PBIs are widely utilized as
electron acceptors for photoinduced charge-transfer systems at the
intramolecular and supramolecular levels’ as well as n-type
semiconductors in organic field effect transistors and solar cells.’
The absorption and fluorescence properties, in combination with the
low-lying LUMO level, are also highly suitable for sensing
applications. Indeed, a number of examples are given in literature for
which photoinduced electron-transfer phenomena are exploited to
reveal specific guest binding properties or phase transitions in
polymers.* Furthermore, guest-induced PBI aggregation or de-
aggregation phenomena have been exploited for sensing
applications’ as well as fluorescence energy-transfer phenomena in
confined space as present in PBI-based micelles and vesicles.®
Whilst the latter examples from our group provided a unique
ratiometric sensing system with pH-dependent blue, white or red
colors,®® we have to admit that this system is rather complex and
hence not properly suited for practical applications as shown in
literatures.” Therefore, in our efforts to establish new PBI-based
sensing concepts beyond the principles described before, the recently
discovered pronounced halochromism in PBI 5 bearing 4-hydroxyl-
3,5-di-tert-butylphenyl units at the 1,7-bay positions® appeared
promising to us. For these dyes it was observed that the PBI
absorption band shifted from 578 nm to 1185 nm upon addition of
strong bases such as tetrabutylammonium hydroxide (TBAH) which
could be attributed to the formation of phenoxide anions and their
strong intramolecular charge transfer to the electron poor PBI
scaffold. Thus, the introduction of bay substituents whose electron
donating property being altered through structural conversion in
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response to the surrounding chemical conditions should confer
stimuli-responsive optical properties onto PBIs. However, whilst the
pronounced spectral shifts for PBI 5 nicely sense the deprotonation,
this molecule is less appealing for pH sensing applications because it
only responds to rather strong bases. For this reason we became
interested in replacing the hydroxyphenyl substituent by a more
acidic group that exhibits similarly strong electronic coupling
through electron donation to the electron poor PBI scaffold. Towards
this goal, 3,4-dihydroxycyclobut-1-ene-1,2-dione (squaric acid)
appeared to be quite attractive because it is an oxocarbonic acid that
shows appreciably high acidity originating from the resonance
stabilization of its dianion form, whose 2m-electron system is
aromatic according to the Hiickel rule.” Squaric acid can react with
nucleophiles such as activated arenes and methylene compounds to
afford either mono- or disubstituted condensation products known as
semi-squaraines and squaraines.'®'" Owing to the high acidity of the
remaining hydroxyl groups after condensation of squaric acid, semi-
squaraines could be successfully utilized for proton-exchange
membranes in fuel cells and photosensitizers for TiO,-based solar
cells in which squaric acid residues act as anchors for TiO,.'? Herein
we report that the newly designed PBI dye 3 (Scheme 1) bearing 3-
hydroxycyclobutenedione moieties at the 1,7 bay positions indeed
displays an impressive sensitivity to pH changes, solvent polarity
and even humidity.

Organometallic C-C cross-coupling reactions have been amply
employed for the preparation of substituted rylene bisimides having
functional groups other than the squaric acid residue.''* We have
approached the synthesis of our target PBIs containing squaric acid
residues by cross-coupling reaction utilizing a stannyl derivative of
squaric acid.”® As shown in Scheme 1, the synthesis of PBI 3 could
be accomplished in a quite straightforward manner starting from
stannyl cyclobutendione derivative 4 and 1,7-dibrominated PBI 1'°
in a Stille-type cross-coupling reaction and subsequent acidic
hydrolysis of the isopropoxy precursor 2. It is noteworthy that PBI 2
is highly soluble in common organic solvents such as chloroform,
dichloromethane, toluene, acetone, THF, and DMSO which is
presumably entailed by the sterically demanding squaric acid
residues that prohibit n-stacking of the PBIs.'” In contrast, PBI 3 is
insoluble in chlorinated solvents and toluene but displays
exceptional solubility in polar solvents, including DMSO, DMF,
acetone, THF, methanol, and water.
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Scheme 1. Synthesis of PBIs 2 and 3 bearing squaric acid residues.

PBIs 2 and 3 show broad absorption bands in THF attributed to Sy-
S transition with maxima at 569 nm and 570 nm, respectively (Fig.
1). Compared to the absorption maximum of the parent PBI
chromophore  (Apax 522 nm in THF'"), these bands are
bathochromically shifted with significant band broadening. These
spectral features can be explained by an electron donating effect of
the squaric acid substituents at the 1,7 positions of PBIs 2 and 3
which is even stronger than given by 1,7-diphenoxy substituents ( 1
max ~ 350 nm”). In contrast to common PBIs and also to PBI 2,
pronounced differences in the UV/Vis spectra are observed for PBI 3
upon variation of the solvent (Fig. 1). Thus, whilst the absorption
spectrum of 3 in acetone (A = 565 nm) is comparable to that in
THF, the lowest energy absorption band in DMSO and DMF (both
with A, = 667 nm) are bathochromically shifted with a concomitant
broadening of the band and a decrease of absorption intensity. The
use of methanol and water as solvents leads to less spectrally
displaced, almost structureless spectra and a reduction of molar
absorptivity. Thus, 3 displays an apparent solvent effect in its
absorption property as a consequence of the introduction of acidic
squaric acid residues.
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Fig. 1 Absorption spectra of 2 (gray) in THF and 3 in THF (black),

acetone (red), methanol (orange), water (purple), DMF (blue), and

DMSO (green).
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To shed light into the origin of these spectral changes, we
monitored the absorption spectral changes in THF upon successive
addition of up to 3 equivalents of Hiinig’s base (Fig. 2A). An
increase in the amount of the added base resulted in the emergence
of an absorption band with a maximum at 641 nm, in conjunction
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with a decrease of the original absorption of 3. The well-defined
transformation from the original to the final UV/Vis spectra upon
base addition could be attributed to the conjugate base of 3 formed
by the deprotonation at squaric acid residues. Upon subsequent
addition of trifluoroacetic acid (TFA), the original absorption of 3
reappears with concomitant decrease of absorption of deprotonated
species (Fig. 2B). Whilst two molar equivalents of Hiinig’s base
were sufficient to completely transform the bifunctional PBI 3 into
its dianion, the neutralization required a large excess of TFA (ca.
3000 eqiv.), indicating that acid-base equilibrium is biased towards
the formation of the conjugate base form (3%"). The acidity of 3 was
further evaluated in a THF-water mixture by titration experiments
and evaluation of the pH-dependency of the absorbance using the
least-square method (Fig. S1). PBI 3 proved to exhibit the expected
high acidity with values of pK,; = —0.3 and pK,, = 2.7 that are close
to those of sulfuric acid (pK,, = —3 and pK,, = 1.9). The pK,; value
of 3 is also comparable to that previously reported for semisquaric
acid with electron withdrawing functionality indicating that a strong
—M effect of the PBI scaffold contributes to the high acidity." The
pK,, for the second deprotonation is decreased, probably due to
delocalization of the first deprotonated state along the m -scaffold.
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Fig. 2 Absorption spectral change of 3 upon addition of Hiinig’s base
(diisopropylethylamine) (A) and the consecutive addition of TFA (B).
Insets show the apparent extinction coefficient at 569 nm vs molar
equivalents of Hinig’s base and TFA. A scheme for the
interconversion of 3 and its conjugate base 3% through the addition
of base and acid is also shown (C).

In general, the absorption properties of PBIs are rarely dependent
on the environmental conditions such as solvents." Insensitivity of
the absorption properties toward solvent polarity indicates that the
optical transitions are not attributable to dipolar charge-transfer
character. Accordingly, solvents have no significant influence on the
absorption properties of the acidic form 3 as shown for THF,
acetone, or methanol-TFA mixture (Apx ~ 570 nm). In contrast, the
conjugate base form 3%~ shows distinguishable absorption spectra in
various solvent systems such as methanol (A,,x = 612 nm), acetone-
Hiinig’s base (Apax = 623 nm), THF-Hiinig’s base (Aya = 641 nm),
DMF (Apax = 667 nm), and DMSO (A = 667 nm) (Fig. S2, Table
S1). Thus, the absorption properties of 3>~ are prone to a significant
solvent effect. The exceptional solubility of PBI 3 in polar solvents
suggests that the squaric acid residues were strongly solvated in their
basic form, supporting the solubilization of hydrophobic PBI cores
in these solvents.
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In order to obtain insights into the origin of the halochromism of 3,
the electron distribution of the frontier orbitals of 3 was calculated
by the density functional method at the rB3LYP/6-31+G(d) level.”’
According to these calculations, both the HOMO and LUMO are
delocalized on the entire PBI scaffold, resembling the frontier
orbitals of the parent PBI with an additional extension on the
cyclobutenedione cores (Fig. 3, Fig. S6). In striking contrast to 3,
deprotonated 3>~ shows a clear spatial separation of the HOMO and
LUMO. Thus, whilst the LUMO still resembles the one of PBI 3 and
other PBIs, the HOMO of deprotonated 3>~ is mainly located on the
cyclobutenedione subunits. This indicates that the bathochromically
shifted absorption of 3> is attributable to an intramolecular charge-
transfer transition from deprotonated electron-rich squaric acid
residues to the electron-deficient PBI core. In this regard PBI 5%
with phenolate substituents at the bay region provided similar
effects. The by far higher acidity of squaric acid compared to phenol,
however, should enable more interesting responsiveness of PBI 3
towards ambient conditions, which is indeed the case as shown in the
following.
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Fig. 3 Electron distribution of frontier orbitals of 3 (A) and its
conjugate base form 3% (B) optimized at rB3LYP/6-31+G(d) level.
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A closer inspection of the absorption spectrum of 3 in THF shown
in Fig. 1 reveals a weak absorbance at the low energy edge (ca. 630
nm), which is appreciably enhanced at the lower concentration of 2 x
107 M (Fig. S3). This indicates that 3 is partially deprotonated and
existing as its conjugate base at the lower concentration because of
residual water traces in THF solvent (Fig. S4). Indeed, upon addition
of small amounts of water (up to 15 vol%) a change of the
absorption spectra was observed that complies with the
transformation of 3 to 3%~ (Fig. 4A). This effect is not limited to
THF solvent but can be transferred to polymeric matrices as shown
in Fig. 4B. A thin film consisting of 3 and hydrophilic polyethylene
glycol (PEG, M,, = 2000) was fabricated by spin casting of the
dissolved components from a chloroform solution onto a quartz glass
substrate. Interestingly, the initial red-purple color of the film
changed instantaneously into blue-green upon exposure to humid air.
The red-purple film could be regenerated by drying of the
humidified film. The hydrophilic PEG matrix is known to swell on
exposure to water. This process can be colorimetrically monitored by
dye 3 which is converted to its conjugate base form 3>~ similarly as
observed in THF solution. The color change originating from the
dissociation of acidic proton at squaric acid residues was reasonably
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fast and reversible (Movie S1). We further explored the impact of
different humidity levels on the absorption spectra of the PBI/PEG
film (Fig. S5). According to these studies the absorption spectrum of
the dried film is almost identical to that of the film at the relative
humidity of 40%. Then a pronounced change of absorption occurred
with increase of humidity level from 40% to 50% whilst at higher
humidity levels up to 90% again only small changes are observed.
Accordingly, there is a “switch-on” response of PBI/PEG films at
humidity levels of about 50%.
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Fig. 4. A) Absorption spectral changes of 3 in THF upon increasing
water content. B) Photographs of 3 in a PEG matrix indicating the
reversible color change upon the cycle of humidification and drying.
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In conclusion, a novel PBI derivative 3 bearing squaric acid
residues as bay substituents showed pronounced halochromic
properties due to a change in the electron-donation strength caused
by protonation and deprotonation at hydroxyl groups on the
cyclobutene skeleton. Owing to the high acidity of the squaric acid
residues, the deprotonation occurred already in moderately basic
solvents and even by traces of water in THF or PEG matrix. Thus,
PBI 3 exhibits the property known as hydrochromism®' that was
shown to be useful for colorimetric humidity sensing.
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