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ABSTRACT: We have discovered that squaraine NCSQ
easily react with ketones in the presence of ammonium
acetate to form a novel type of squaraine CCSQ. It is
interesting to find that NCSQs exhibit unusual solid-state
fluorescence, whereas CCSQs only exhibit fluorescence in
solution. The quantum yield of solid NCSQ-g is measured
to be 0.36, which is the highest among solid squaraines
found so far. The large spectral overlap between the
emission of NCSQs and the absorption of CCSQs, and the
structural similarity of these molecules make them
excellent energy-transfer (ET) pairs, as exemplified by
the ET pair of CCSQ-1/NCSQ-g. When a very small
amount (0.0S mol%) of CCSQ-g is doped into NCSQ-g,
the ET efficiency reaches up to 96%. The Stern—Volmer
quenching constant Kgy is calculated to be 65 800,
indicating that CCSQ-1/NCSQ-g forms an extremely
efficient ET pair. This study provides a novel skeleton and
a facile route to efficient ET pairs.

Energy transfer (ET) from a host molecule (donor) to a
guest molecule (acceptor) has attracted considerable
attention because it can increase the solid-state emission of
the guest, enlarge the Stokes shift to eliminate self-absorption,
and tune emission color. Examples can be found in various
systems such as organogels, single crystals,” nanomaterials,’
dendrimers,* and hybrid assemblies® for applications in
photovoltaics and light-harvesting. In the 1960s through
1980s, ET in crystals was extensively studied, mainly focusing
on the photophysical mechanism.® There are two prerequisites
for a highly efficient ET system in the solid state: (1) a large
spectral overlap of the emission and absorption of the host/
guest and (2) a good structural similarity of the host/guest
molecules. The most effective strategy to obtain such a system
is to modify a good fluorescent skeleton to find two spectrum-
matching molecules. In general, however, it is difficult to either
synthesize or match these molecules. To date, [n]-acene
derivatives®™®” and distyrylbenzene derivatives® are the most
reported skeletons. Efficient ET pairs based on other skeletons
are still rare,” which, to a certain extent, hinders the further
development in this field. Herein we describe our serendipitous
discovery of a squaraine skeleton NCSQ that exhibits unusual
solid-state fluorescence with a record quantum yield among
squaraines. More interestingly, NCSQ_ readily transforms to
CCSQ under mild conditions, and the nearly perfect spectral
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match of NCSQ/CCSQ makes them efficient ET pairs in the
solid state.

Squaraines are important functional fluorescent dyes and
have extensive applications in solar cells, fluorescent probes,
photodynamic therapy, and nonlinear optics.'® Squaraines are
usually characterized by large molar extinction coefficient, small
Stokes shift, and strong solution fluorescence but no solid-state
fluorescence. Because of our continuous interest in squar-
aines,'" we reacted semi-squaraine 1 with ammonium acetate in
ethanol to prepare unsymmetric squaraine NCSQ-a (eq 1).
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When acetone was added into the reaction bottle during
workup, to our surprise, the color of the reaction mixture
rapidly turned from yellow to red. Thin-layer chromatography
showed that the yellow spot that we originally considered to be
the product vanished, and a new red spot appeared on the
plate. These two spots were later isolated and characterized by
'"H NMR and X-ray diffraction (XRD) measurements. The
yellow spot was proven to be the target unsymmetric squaraine
NCSQ-a and the red spot to be a novel class of unsymmetric
squaraine CCSQ-1 (eq 1).

Further investigation showed that NCSQ-a—NCSQ-i,
bearing different amino groups, could react with acetone in
the presence of ammonium acetate in ethanol at room
temperature to afford squaraine CCSQ-1 (eq 2), and the
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results are summarized in Table S1. The primary, secondary,
and tertiary amine derivatives reacted to give moderate yields
(Table S1, entries a—c). There is a significant steric hindrance
effect as demonstrated by a low yield of the reaction of the
dibutylamine derivative NCSQ-d, and no reaction for the
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diisopropylamine derivative NCSQ-e. Besides acetone, other
ketones could also react with NCSQs to afford various CCSQs.
Herein NCSQ-g was selected to react with different ketones as
a typical example, and the results are summarized in Table S2.
Substitution of acetone slowed the reaction rate (Table S2,
entries 1—3). For butanone, the reaction preferred to take place
at the 3-position rather than the 1-position. If a ketone has no
a-carbon with at least two hydrogen atoms, no reaction occurs
(Table S2, entry 7). Cyclopentanone and cyclohexanone
reacted even faster than acetone but with lower yields (Table
S2, entries 4 and S). The mechanism was proposed to involve
an enamine attacking the cyclobutene core of a protonated
NCSQ to replace the amino group. (For the proposed reaction
mechanism, see Supporting Information, IV.)

We also found that some NCSQs possessed strong
fluorescence in the solid state, which is unusual because
squaraines generally have no solid-state fluorescence due to
strong non-covalent interactions between molecules.'® For
example, NCSQ-g exhibited green-colored fluorescence in
THF and yellow-green-colored fluorescence (4., = 548 nm)
with a quantum yield of 0.36 in the solid state (Figure 1b,d), to

Figure 1. (a) Molecular structures of NCSQ-g and CCSQ-1. (b,c)
Photos of NCSQ-g and CCSQ-1 in THF (1.0 X 10> M) under UV
light (., = 365 nm), respectively. (d) Photo of the crystals of NCSQ-g
under UV light (4, = 365 nm). (e) Photo of the CCSQ-1-doped
NCSQ-g crystal powder (0.05 mol%) under UV light (4., = 365 nm).

the best of our knowledge, which represents the highest
fluorescence quantum efficiency in the solid state ever achieved
among squaraines.'” Other NCSQs showed similar fluores-
cence (Table S3). NCSQ-a and NCSQ-b, which respectively
bear an amino and methylamino group on the cyclobutene
core, showed no solid-state fluorescence, probably because both
the amino and methylamino groups are so small that
nonradiative decay of the excited state occurs through
molecular relaxation."> Meanwhile, the product CCSQs contain
an enamine moiety directly connected to the cyclobutene core.
Thus, the lengthened conjugation made the fluorescence
emission of the CCSQs red-shift. All the CCSQs have strong
red fluorescence in solution (Table S4) but no solid-state
fluorescence, suggesting that there exist strong intermolecular
electronic interactions in the CCSQ_ solid. For example, the
CCSQ-1 solution in THF showed strong red fluorescence (A,
= 605 nm, ® = 0.62) (Figure 1c), but the crystals turned out to
be dark-colored without any visible fluorescence.'*

It was interesting to note that the emission of the solid
NCSQ-g almost completely fell into the absorption band of
CCSQ-1 in solution (Figure 2a inset), and the spectral overlap
integral J(1) was calculated to be 5.32 X 10" M~'cm™ nm™
(see Supporting Information, IX), which indicated a possible
efficient ET from solid NCSQ-g to CCSQ-1. Subsequently, a
variety of NCSQ-g solids doped with 0.0001—1.0 mol% of
CCSQ-1 were prepared by fast rotary evaporation of the
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Figure 2. (a) Fluorescence spectra of CCSQ-1/NCSQ-g crystal
powders at different ratios (0—1.0 mol%). Inset: Spectral overlap of
the solid emission of NCSQ-g (red) and the absorption of CCSQ-1 in
THF (blue). (b) Emission maxima of NCSQ-g (red) and CCSQ-1
(blue) plotted against the ratio of CCSQ-1/NCSQ-g. Inset: Plot of
the energy-transfer efficiency (Epr) versus the doping ratio. (c)
Fluorescence spectra of the 0.05 mol%CCSQ-1-doped NCSQ-g
crystal powder, excited at 365 (black) and 560 nm (red). (d) Lifetime
decay profiles of the CCSQ-1/NCSQ-g crystal powders at different

ratios.

solution of NCSQ-g and CCSQ-1. The fluorescence emissions
of the doped powders were measured when excited at 365 nm,
the maximum excitation of the solid NCSQ-g (Figures 2a and
S2). With increasing amounts of CCSQ-1, the characteristic
emission of NCSQ-g centered at 548 nm decreased gradually
and shifted slightly to shorter wavelength; the emission of
CCSQ-1 emerged and increased gradually. This means that
NCSQ-g absorbed light at 365 nm and transferred the energy
to CCSQ-1 to emit fluorescence. The emission of CCSQ-1
reached its maximum at a CCSQ-1/NCSQ-g ratio of 0.01 mol
% and subsequently started to quench when the CCSQ-1/
NCSQ-g ratio kept increasing. Meanwhile, the emission of
CCSQ:-1 moved gradually to longer wavelength. The plots of
the fluorescent intensities of NCSQ-g and CCSQ-1 and the ET
efficiency versus the doping ratio are given in Figure 2b. They
clearly show a very steep decrease of NCSQ-1 accompanied
with a rapid increase of CCSQ-1 in the fluorescent intensities
in a range of extremely low doping ratios. The ET efficiency
(Egr) already reached 96% at a doping ratio of 0.05 mol% (for
the calculation, see Supporting Information, IX; for the photos
under UV light and fluorescence microscope, see Figures le
and S3, respectively), and there was an approximately 3-fold
increase of the fluorescent intensity of the ET emission excited
at 365 nm as compared with the emission of CCSQ-1 excited at
560 nm (Figure 2c). By using the Stern—Volmer relation (see
Supporting Information, IX), the Stern—Volmer quenching
constant Kg, was calculated to be 65800 (Figure S4),
indicating that CCSQ-1/NCSQ-g formed an extremely
efficient ET pair.'®

At a doping ratio of 0.01 mol%, the ET efficiency was 85%,
showing that as much as 8500 NCSQ-g molecules were
quenched by a single CCSQ-1 molecule.” At this concen-
tration, the distance between two neighboring CCSQ-1
molecules could be estimated as 17 nm (see Supporting
Information, IX). This long distance suggested that both FRET
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and exciton migration may be involved in this ET process.'®

Fluorescence lifetime decay profiles monitored at the emission
of NCSQ-g showed that the fluorescence decay time decreased
from 3.72 ns for pure NCSQ-g to 0.66 ns for the 0.05 mol%
CCSQ-1-doped NCSQ-g (Figure 2d and Table SS), which
further confirmed the efficient ET process. The ET rate (kgr)
was calculated to be 1.25 x 10° s™' (see Supporting
Information, IX), which was comparable with those of other
solid-state ET systems.”® However, in solution, the ET process
was not observed, and the solution of CCSQ-1/NCSQ-g only
showed weak green-colored fluorescence under UV irradiation,
characteristic of the emission of NCSQ-g in solution (Figure
SS).

To gain insight into the solid-state emission behavior of this
novel ET system, single crystals of NCSQ-g and CCSQ-1 were
grown by slow evaporation in CH,Cl,/CH;OH, respectively.
XRD measurements revealed that the structure of NCSQ-g is
similar to that of CCSQ-1 (Figures 3a,b and S7), but the

Figure 3. (a,b) Wireframe-style molecular structures of NCSQ-g and
CCSQ:-1, respectively. (c) Zigzag structure in the NCSQ-g crystals.
(d) Intra- and intermolecular hydrogen bonds in the CCSQ-1 crystals.
(e) Planar layers in the CCSQ-1 crystals.

stacking patterns are different (Table S6). The crystals of
NCSQ-g are in the monoclinic space group P2;/n. In the
crystals, two NCSQ-g molecules are paired head-to-tail by the
weak interactions of one oxygen atom of the cyclobutene core
with one a-C—H of the dibutylamino group. Each pair is
connected vertically by the weak interactions of the other
oxygen on the cyclobutene core with one a-C—H of the
piperidinyl group to form a zigzag structure (Figure 3c). All
NCSQ-g molecules are staggered one by one, and no 7—n
stacking could be observed (Figure S8), which accounts for its
solid-state fluorescence.'” Unlike NCSQ-g, CCSQ-1 was
determined in the triclinic space group PI. In the crystals,
one N—H of the enamine moiety forms a strong intramolecular

hydrogen bond with one oxygen of the cyclobutene core (N—
H---O, 1.832 A), which rigidifies the CCSQ-1 skeleton and may
contribute to its strong fluorescence in THF (® = 0.62)."* The
other N—H, together with an a-C—H of the enamine group,
form intermolecular hydrogen bonds with one oxygen of the
cyclobutene core of the neighboring molecule (N—H---O, 1.887
A; C-H---0, 2.711 A), which connect the CCSQ-1 molecules
to construct a planar layer (Figure 3d). The signals of these two
distinguishable N—H’s of the enamine moiety are well
separated in '"H NMR spectra, which is characteristic of all
CCSQs. The distance between these layers is as short as 3.118
A, which is significantly short compared with the typical 7—z
stackings (Figures 3e and S9).'® The strong 7—r stackings
between these layers cause fluorescence quenching of CCSQ-1
in the solid state."”

Co-crystals of CCSQ-1/NCSQ-g suitable for X-ray analysis
were also obtained from CH,Cl,/CH;OH (Figure S10).
However, the signals of CCSQ-1 were not detected at all in
the co-crystals, and the cell parameters were almost exactly the
same as those of the pure NCSQ-g (Table S6). HPLC analysis
of the co-crystals revealed a doping ratio of 4.7 mol% (Figure
S11). These results suggested that the CCSQ-1 molecules
randomly replaced the NCSQ-g molecules in the latter crystal
lattices, but did not break the latter lattices.”” Powder X-ray
diffraction (PXRD) measurements also indicated that the
NCSQ-g solids doped with different amounts of CCSQ-1
showed XRD patterns identical to those of the pure NCSQ-g
single crystals (Figure S12), which was in accordance with the
X-ray analysis of the co-crystals.

CCSQ-1/NCSQ-g meets both of the aforementioned
prerequisites and thus forms an extremely efficient ET pair.
So we may easily tune the fluorescent emission color of the
doped powders by varying the doping ratio. In the absence of
CCSQ:-1, NCSQ-g exhibits yellow-green fluorescence. Upon
doping different amounts of CCSQ-1 (0.001—0.5 mol%), the
fluorescence color changes to yellow, orange, red, and scarlet
(Figure 4). In addition, it should be pointed out that all NCSQs
(c—i) could form efficient ET pairs with any one of CCSQs
(1—6) (Table S7).

NCSQ-g 0.001% 0.005% 0.05% 05%

(2)

Figure 4. Photos of the CCSQ-1-doped NCSQ-g crystal powders (0,
0.001, 0.00S, 0.05, and 0.5 mol%) under room light (top) and UV light
(Aee = 365 nm, bottom).

In conclusion, we herein report a novel multicomponent
reaction of NCSQ with ketone and ammonium acetate in
ethanol to afford CCSQ, It is interesting that the reactant
NCSQs show solid-state fluorescence with a quantum yield as
high as 0.36, which is the highest among squaraines.
Importantly, there exists efficient ET from NCSQs to CCSQs
in the solid state, which has been demonstrated by the high ET
efficiency at a quite low doping ratio of CCSQ-1/NCSQ-g
(96% at 0.05 mol%). This high ET efficiency is attributed to the
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large overlap of the emission of NCSQ-g with the absorption of
CCSQ-1 and the high structural similarity of the two molecules.
By doping very small amounts of CCSQ-1 into NCSQ-g (0—
0.5 mol%), a variety of fluorescence colors from yellow-green to
scarlet can be obtained. This study provides a novel skeleton
and an easy method for efficient ET pairs. This type of ET from
reactants to products may be applied for designing highly
sensitive solid fluorescent sensors. Further study of this reaction
and the applications of this ET system are still underway in our
laboratory.
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