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n-Electronic systems bearing Lewis pairs were synthesized and their
optical responses to added ions were investigated. The tuning of
the optical properties was demonstrated by the addition of various
ion pairs, and these behaviours were elucidated by theoretical
calculations.

The development of donor-n-acceptor (D-n-A) molecules, in
which an electron-rich donor and an electron-poor acceptor are
linked by n-conjugated moieties to enable intramolecular
charge transfer (ICT), has attracted much attention because
these compounds find various applications, including in fluor-
escent materials,’ dye-sensitized solar cells,? and second-order
nonlinear optics.” The optical properties of D-n-A molecules
with a large dipole moment can be controlled by the solvent
polarity. However, the effective control of these properties in
the solid state remains unexplored. In order to modify the
optical properties of D-n-A molecules by changing their sur-
roundings in the solid state, thermally stable components such
as ion pairs are required. Anion and cation receptors are
sensitive to ions and form complexes with such species.*”
Hence, m-electronic systems containing both cation and anion
receptors would display multi-responsive properties to ion pairs.
However, such ion-pair receptors have been rarely studied.®

As ion pair receptors, we focused on Lewis pairs (LPs). The
potential use of boron compounds, a Lewis acid, to detect
anions such as F~ and CN~ has been reported.” Although
n-electronic systems bearing Lewis pairs have been reported,
their ion-binding behaviour has not been studied.® In order to
use a Lewis pair to prevent the formation of a complex through
coordination bonds, it is necessary to introduce bulky substi-
tuents. Combinations of Lewis bases (such as trimesitylpho-
sphine) and acids (such as tris(pentafluorophenyl)borane)
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bearing bulky substituents are called frustrated Lewis pairs
(FLPs). FLPs are used as organic catalysts because of their
unique arrangement of Lewis acid and base that enables the
activation of relatively inert small molecules such as
dihydrogen.’ Recently, FLPs were employed for fabricating
self-healing’® and CO,-responsive materials."* There are also
a few reports on ion-pair coordination by FLPs.'? Inspired by
the properties of FLPs, we hypothesised that the electronic
structure of m-electronic systems containing a Lewis pair with
bulky substituents can be controlled by adding ion pairs even
in the solid state (Fig. 1a), resulting in control over various
optical properties using a single n-conjugated molecule. In this
study, we investigated the interaction between LPs and ion pairs
and revealed the optoelectronic properties of LP-containing
n-electronic systems in the presence of different ion pairs.

The designed LP-containing diphenylacetylenes (1a, b,
Fig. 1b) combine one of two kinds of Lewis base, phosphine
or amine, and one Lewis acid, borane, and were prepared
in high yields by Sonogashira coupling of (4-iodophenyl)
dimesitylborane with 4-ethynyl-N,N-diphenylaniline or
(4-ethynylphenyl)diphenylphosphine, respectively, in a diiso-
propylamine/toluene mixture in the presence of Cul and
Pd(PPh;),. Compounds 1a and 1b were characterised by
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Fig. 1 (a) Schematic illustration of the complex formation between a
LP-containing m-electronic system and ion pair, and (c) the chemical
structures of 1a and 1b.
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Fig. 2 (a) UV-vis absorption and emission spectra of 1a (red) and 1b (blue)
in CH,Cl, (10~° M) (solid line) and the film state (dotted line), (b) optimized
structures of (i) 1a and (i) 1b at the Sq (red) and S; (blue) states.

NMR, UV-vis spectroscopy, and ESI-MS analyses. The broad ''B
NMR signals of 1a and 1b at approximately 73 ppm (CH,Cl,)
were typical of trigonal-planar boron centres. The *'P NMR
signal of 1a at —4.45 ppm was comparable to that of PPh;
(—4.50 ppm, CH,Cl,).

In the UV-vis spectra of 1a and 1b (10_5 M in CH,Cl,), the
absorption maxima were observed at 342 and 388 nm, respec-
tively (Fig. 2a). The lowest-energy absorption band, which was
assigned to the ICT transition by time-dependent density func-
tional theory (TD-DFT) calculations at the B3LYP/6-311+G(d,p)//
B3LYP/6-31G(d,p) (PCM = CH,CL,) level of theory,"* was red-
shifted by the replacement of the donor moiety from phosphine
to amine. Although 1b showed a structureless fluorescence
spectrum with a peak at 513 nm, 1a exhibited a fluorescence
maximum at 411 nm with a shoulder at 530 nm (Fig. 2a). The
lowest-energy fluorescence band of 1a derived from ICT was
red-shifted from that of 1b, indicating that 1a undergoes a
larger conformational change in its excited state than 1b.
TD-DFT calculations were performed using the optimized
structures in the first excited (S;) state to elucidate the fluores-
cence spectra. In the optimized structure of 1a, a large con-
formational change from the ground state (S,) to the S; state
was observed around the phosphine moiety, while the confor-
mation around the borane changed only slightly (Fig. 2b(i)).
The HOMO of 1a in the S; state is localized on the phosphorus
atom and the two terminal phenyl rings, whereas in the S, state
it is localized on the phosphorus atom and diphenylacetylene
moiety (Fig. S8, ESIt). As such, the higher HOMO level of 1a in
the S; state corresponds to the emission in the long wavelength
region. In contrast, the optimized structures of 1b around the
nitrogen and borane atoms differ only slightly between the
So and S, states (Fig. 2b(ii)). Therefore, the HOMO-LUMO energy
gap of 1b in the S, state was larger than that of 1a. Additionally,
the absorption maxima of 1a and 1b were not influenced by the
solvent, whereas the peaks of the fluorescence spectra red-
shifted with the increase in the solvent’s dielectric constant
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(Fig. S4, ESIT). These results suggest a large polarization in the
excited states. In the film, the absorption and fluorescence
bands of 1a were observed at 340 and 469 nm, respectively
(Fig. 2a). The similarity between the absorption spectra of the
film and the CH,CI, solution indicated that the aggregation of
the n-electronic systems was inhibited by the bulky substituents
on the boron and phosphorus atoms. On the other hand, in the
fluorescence spectrum of 1a in the film state, the fluorescence
band at 411 nm accompanied by a shoulder band was changed
to a broad structureless spectrum, which may indicate that the
conformational change in the S; state was restricted in the film.

The ion-binding properties of 1a in solution were investi-
gated by ''B and *'P NMR spectroscopy. The ''B NMR signal of
1a at approximately 73 ppm decreased and a new peak corres-
ponding to 1a-F appeared at 5.04 ppm upon addition of F~ as
a TBA salt in CH,Cl, (Fig. 3a). Similarly, the peaks at —0.53 and
—13.38 ppm were observed upon addition of AcO™ and CN,
respectively (Fig. 3a and Fig. S12-S14, ESIt). Thus, the bindings
of F, AcO™, and CN™ to the boron centre were demonstrated.
Moreover, the sharp high-field-shifted signal of 1a-CN~ may
suggest strong anion binding and restricted pyramidal confor-
mation of a boron centre by the large anion. However, no
boron-anion complexes were obtained by the addition of
Cl™ and Br, although tris(pentafluorophenyl)borane gives an
anion complex with Cl™ and Br~ (Fig. S11, ESIt). These results
indicated that the anion-binding ability is increased by
electron-withdrawing groups such as pentafluorophenyl sub-
stituents on the boron atom and decreased by bulky and
electron-donating groups such as mesityl substituents. Next,
complex formation with MCN (M = Ag or Cu) was investigated
(Fig. 3b). As AgCN and CuCN are insoluble in CH,Cl,, the
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Fig. 3 (@) ™B NMR spectra of 1a (55 mM in CH,Cl,) before and after the
addition of F~ (0.5 and 10 equiv.) and CN~ (10 equiv.) as TBA* salts, (b) formation
of 1la-CN™, (NC)M-1a, and (NC)M-1a—-CN™~ complexes (M = Ag, Cu).
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samples were prepared by heating mixtures of 1a and 1 equiv.
of AgCN or CuCN in CH,Cl, to complete dissolution.’* The *'P
NMR signals of (NC)Ag-1a and (NC)Cu-la at 9.62 and
-3.59 ppm, respectively, differed from that of 1a (—5.05 ppm).
In contrast, the ''B NMR spectra remained unchanged. These
results indicated that CN™ did not act as a free anion, which
would undergo complexation with borane, because of the high
binding ability of Ag" or Cu’. Therefore, a further 1 equiv. of
CN~ was added as TBACN (Fig. 3b), upon which a new ''B NMR
signal at —13.27 ppm was observed in both the (NC)Ag-1a and
(NC)Cu-1a samples, indicating the coexistence of free borane
and B-CN~ complexes. Moreover, new signals appeared in the
*IP NMR spectra between those of the free and coordinated
phosphines.i Hence, anion-free species (free 1a) and mono-, and
dicoordinated species ((NC)M-1a or 1a-CN , and (NC)M-1a-CN ",
respectively) coexisted in solution as shown.

The effect of ion-binding in the m-electronic systems was
revealed by the UV-vis absorption and fluorescence spectral
changes of 1a and 1b. Upon addition of F~ as a TBA" salt, the
absorption maxima of 1a and 1b (4 = 342 and 388 nm, respec-
tively) decreased in intensity and shifted to 324 and 348 nm,
respectively (Fig. 4a). Similar blue-shifts were also observed
upon addition of CN~ and AcO™ as TBA" salts, suggesting that
the corresponding © — p,(B) CT transition was quenched by
the anion-binding, in which the empty boron p-orbital was
filled by the electrons of the anions. The fluorescence spectra of
1a and 1b upon the addition of 3 equiv. of anions in CH,Cl,,
were also measured. Interestingly, although 1b provided simi-
lar spectra by the addition of F~ and CN, 1a provided different
spectra depending on the anion complexes (Fig. 4b). In the
presence of F~, the fluorescence at 411 nm with a shoulder at
530 nm of 1a disappeared, and a new weak and broad fluores-
cence band at 483 nm appeared. In contrast, fluorescence of
higher intensity was observed at 461 nm in the presence of
CN™. The quantum yields for 1a, 1a-F, and 1a-CN "~ were 6, 27,
and 18%, respectively. The spectral changes upon anion addi-
tion can be explained by the TD-DFT calculations. In 1a-F~ and
1a-CN, the absorption band at the long wavelength region
corresponds to the ICT from the phenyl attached to the borane-
anion complex to the phenyl substituted with the phosphine,
whereas that of 1a stemmed from the ICT in the opposite
direction (from the phenylphosphine toward the phenylborane,
Fig. 4b(i)). Therefore, the borane-anion complex behaves as a
donor. In addition, the electron density of the anion affects the
HOMO level, especially in the S; state, clarifying the difference
between the fluorescence spectra of 1a-F~ and 1a-CN . More-
over, the larger oscillator strength of 1a-CN™ (f= 1.260) than of
1a (f = 0.106) and 1a-F  (f = 0.791) was consistent with the
experimental fluorescence intensity. However, the HOMO of 1b,
1b-F~, and 1b-CN" is localized on the aniline moiety, whereas
the LUMO is localized on the ethynyl moiety (Fig. 4b(ii)).
Consequently, the anion complexes of 1b provided similar
fluorescence spectra regardless of the anions.

The control over the optical properties of 1a by the addition
of ion pairs was demonstrated in film samples. Spin-coated films
of 1a, 1a-F~, 1a-CN~, (NC)Ag-1a, (NC)Cu-1a, (NC)Ag-1a-CN~,
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Fig. 4 (a) Changes in the UV-vis absorption spectra of (i) 1a and (ii) 1b upon
addition of F~ as a TBA™ salt (107> M in CH,CL,), (b) emission spectra of (i) 1a
and (i) 1b before (black line) and after the addition of 3 equiv. of F~ and CN™
as TBA™ salts (red and blue lines, respectively; 107> M in CH,Cly), with the
HOMO and LUMO of the S; state of the F~ complex calculated by TD-DFT at
the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d,p) (PCM = CH,CL)) level.

and (NC)Cu-1a-CN~ were prepared from the CH,Cl, solutions
of 1a and its mixtures with 1 equiv. of one or two ion pairs. In
the presence of anions, the fluorescence was blue-shifted from
that of 1a (4 = 469, 431, and 461 nm for 1a, 1a-F, and 1a-CN ",
respectively), and 1a-F~ and 1a-CN~ films exhibited different
colours than the corresponding solutions (Fig. 5a). Further-
more, the addition of AgCN (1 = 445) and CuCN (1 = 496)
induced blue- and red-shifts, respectively (Fig. 5a). The fluores-
cence colours of (NC)Ag-1a and (NC)Cu-1a further changed
upon addition of CN~ as a TBA" salt as a result of coordination
of 1a by both MCN (M = Ag or Cu) and CN  in the film.
The emission colour coordinates of the film samples on the
Commission Internationale de L’Eclairage (CIE) 1931 chromaticity
diagram are shown in Fig. 5b. The colours with the CIE
coordinates (0.186, 0.255), (0.202, 0.224), (0.212, 0.203), (0.158,
0.130), (0.243, 0.389), (0.197, 0.218), and (0.299, 0.346) were
displayed by 1a, 1a-F , 1a-CN, (NC)Ag-1a, (NC)Cu-1a, (NC)Ag-
1a-CN™, and (NC)Cu-1a-CN, respectively. Thus, LP-containing

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Changes in the emission spectra, (b) emission colour coordinates in the CIE 1931 chromaticity diagram, and (c) photographs under UV

irradiation of 1a and its complexes with various ion pairs in the film state.

1a is a potential on-demand fluorescent material in the presence of
various ion pairs (Fig. 5¢).

In summary, LP-containing diphenylacetylenes were synthe-
sized by coupling reactions. The anion-binding properties and
the formation of boron-anion complexes were revealed by
"B NMR and UV-vis absorption spectra. High binding constants
with F~ and CN™~ were obtained. Based on the solution behaviour
and the results of the theoretical studies, the electron density
provided by coordination with anions led to changes in the energy
of the HOMO at the S; state, resulting in the fluorescence spectral
changes depending on the nature of the anion. Similarly, the
phosphorus-metal interaction upon complexation with AgCN and
CuCN was observed by *'P NMR spectroscopy. The addition of
further CN~ as a TBA" salt provided the dual complexes. Based on
this behaviour, the optical properties of the film samples were
controlled by the addition of various ion pairs, and fluorescence
colour changes from blue to green were achieved by the combi-
nation of one m-electronic system with various ion pairs. Thus, the
optical properties of LP-containing diphenylacetylenes in the solid
state were controlled by the guest ion pairs. Other ion-pairing
combinations for a wider range of spectral changes and different
amounts of guest ion pairs are currently under investigation within
the development of novel on-demand fluorescent materials.
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