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From Terminal to Spiro-Phosphonium Acceptors,
Remarkable Moieties to Develop Polyaromatic NIR Dyes
Iida Partanen,[a] Andrey Belyaev,*[a, b, c] Bo-Kang Su,[d] Zong-Ying Liu,[d] Jarkko J. Saarinen,[a]

Ishfaq Ibni Hashim,[a] Andreas Steffen,[b] Pi-Tai Chou,*[d] Carlos Romero-Nieto,*[e, f] and
Igor O. Koshevoy*[a]

Abstract: Phosphonium-based compounds gain attention as
promising photofunctional materials. As a contribution to the
emerging field, we present a series of donor-acceptor ionic
dyes, which were constructed by tailoring phosphonium (A)
and extended π-NR2 (D) fragments to an anthracene frame-
work. The alteration of the π-spacer of electron-donating
substituents in species with terminal � +PPh2Me groups
exhibits a long absorption wavelength up to λabs = 527 nm in
dichloromethane and shifted the emission to the near-infra-
red (NIR) region (λ= 805 nm for thienyl aniline donor),

although at low quantum yield (Φ<0.01). In turn, the
introduction of a P-heterocyclic acceptor substantially nar-
rowed the optical bandgap and improved the efficiency of
fluorescence. In particular, the phospha-spiro moiety allowed
to attain NIR emission (797 nm in dichloromethane) with
fluorescence efficiency as high as Φ= 0.12. The electron-
accepting property of the phospha-spiro constituent out-
performed that of the monocyclic and terminal phosphonium
counterparts, illustrating a promising direction in the design
of novel charge-transfer chromophores.

Introduction

Decoration of polyaromatic hydrocarbons (PAHs) with main
group heteroelements such as boron, nitrogen, oxygen, sulfur
and phosphorus has been recognized as an efficient strategy to
expand the reactivity and to remarkably modify the electronic
properties of the conjugated systems.[1] Gaining control over
the energies of frontier molecular orbitals and tuning the S1� S0

energy gap play a pivotal role in the rational molecular design
for organic compounds with desired photophysical character-
istics for optoelectronic, sensing and bioimaging applications.[2]

Photofunctional organophosphorus derivatives of PAHs
primarily comprise stable chalcogenated (λ5σ4) and quaternized
cationic (λ4σ4) P-centers,[3] which can be tailored to the parent

hydrocarbon core as (i) pendant substituent(s) or (ii) merged
with it to produce extended heterocyclic motifs. Thus, the
mono- and disubstituted anthracenes bearing � PPh2E units
(E=O, S, Se) demonstrated intriguing solid-state photophysical
properties due to non-covalent intermolecular interactions and
excimer formation, which in turn depend on the chemical
nature of the phosphino-chalcogenide and its position on the
PAH fragment.[4] The electron-accepting nature of the
phosphine oxide groups allowed some of these and analogous
compounds to be employed as emitting and host materials in
electroluminescent devices.[5] In addition, due to the versatile
connectivity of the phosphorus atom, several polyaromatic
motifs can be combined at the same phosphorus center in
(PAH)nR3-nP=E (n = 1–3) molecules.[6] Despite a relative facileness
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of synthesis process, polyaromatic chromophores with termi-
nally appended λ5σ4 or λ4σ4 phosphorus groups and the reports
on their photophysical behavior are not excessive, probably
because of limited tunability of the electron-withdrawing
characteristics of these pendant constituents.

Owing to the flourishing photoelectronic material research
in these years, the applications of P-heterocyclic photofunc-
tional PAHs have demonstrated a more extensive growth. A
selection of five-,[7] six-,[8] and higher-membered[9] phospha-
cycles has been successfully integrated into polyaromatic
scaffolds offering spectacular modulation of electronic and
optical properties. The latter has been achieved following three
main directions – (i) the variation of the PAH and heterocyclic
motifs,[7b,d,f,g,10] (ii) the variation of the acceptor strength of the
phosphorus center,[7b,8b,10a,11] (iii) induction of intramolecular
charge transfer (ICT) in donor-acceptor molecules.[12] As a result,
a diversity of phosphorus-containing polyaromatic compounds,
which predominantly comprise the phosphole moiety, have
been designed to exhibit appealing responsive,[13] self-
assembling,[14] switchable,[14a,15] and electron-transporting[16] be-
havior. Furthermore, the good stability of selected species
meets the requirements of light-emitting diodes,[7d,f]

photovoltaics,[17] semiconducting materials[11a] and super reso-
lution spectroscopy.[12a,18]

Despite impressive progress in the field, donor-acceptor
(D� A) architectures in organophosphorus polyaromatic chromo-
phores have only been utilized to a limited extent.[12a,18–19]

However, D� A motifs offer efficient means to narrow the S1� S0

energy gap of the conjugated systems. This is important
because it allows shifting the absorption and emission to the
low-energy region, even reaching elusive near-infrared (NIR)
optical properties and improving the light-harvesting and two-
photon absorption capacities. In fact, numerous investigations
have been carried out in recent years to develop suitable NIR-
emitting organophosphorus chromophores for bio-imaging due
to their outstanding performance as bio-markers.[18,20]

In our previous work, we reported a series of D� A systems
composed of naphthalene, phenanthrene and anthracene
building blocks and heterocyclic phosphonium dyes.[21] By
tailoring the electron-donating � NR2 groups and using the
distinct electron-accepting properties of quaternized � +PR2�

phosphacycles, we succeeded in achieving the record at that
time for the dye with the most shifted emission maxima in near
infrared, based on phosphorus heterocycles.[21] It showed high
fluorescence quantum yield of 0.18 in CH2Cl2 and an emission

maximum at 780 nm. However, recent studies[22] on the
modulation of the accepting properties of phosphorus by
hyperconjugative effects pointed out the spiro-like quaternized
phosphorus atoms to be the strongest electron-accepting
groups based on phosphorus centers and not the � +PR2� .
Nevertheless, even though the first phospha-spiro compound
was reported in 1966 by Hellwinkel,[23] experimentally, the
spectroscopic properties of these bicyclic species are still
virtually unknown.

In views of such precedents, we performed the first
comprehensive investigation on the phosphonium-based D� A
dyes including the phospha-spiro derivatives.

Our results show that indeed the bicyclic acceptor fragment
leads to breaking the record of NIR emitting organophosphorus
chromophores. Among all the species in this study, the one
with phospha-spiro architecture shows an emission maximum
at 797 nm with appreciable fluorescence quantum yield in
solution, further shifted to 860 nm in the solid state. Thus, our
investigations establish the phospha-spiro-based dyes as a new
class of compounds with promising potential for luminescent
(bio)applications.

Results and Discussion

Synthesis and Characterization

The investigated dyes comprise a phosphonium center at the
anthracene chromophore core (Figure 1). Compounds 1–3[X]
feature a 6-membered P-heterocycle fused with a polyaromatic
motif (X = anion). Triflate salts 1[OTf] and 2[OTf] were reported
by us earlier.[21] To check the effect of bulky counterion and
minimize cation-cation interactions in the solid state, 1[OTf] and
2[OTf] were converted into derivatives 1[BArF

4] and 2[BArF
4]

with tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (� BArF
4) by

metathesis reaction (see the Supporting Information for exper-
imental details). Whereas 1[BArF

4] and 2[BArF
4] differ by the

donor-containing fragment, we intended to amend the charac-
teristics of the electron-deficient phosphacyclic part.

For this purpose, the dibenzophosphole fragment, which
has a pronounced electron-accepting behavior thanks to the
hyperconjugative effects,[3a] was conjoined with the parent
anthracene-P-heterocyclic core (3a[OTf] and 3[OTf]). The syn-
thesis of the new P-spiro compounds 3a[OTf] and 3[OTf] is
outlined in Scheme 1. In brief, the λ3σ3-phosphole precursors p1

Scheme 1. Synthesis of compounds 3a[OTf] and 3[OTf].
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and p2 were obtained in moderate yields (44–46 %) from the
lithium-halogen exchange of the 9-(2-bromo-
phenyl)anthracene[21] with t-BuLi followed by the reaction with
5-chloro-dibenzo[b,d]phosphole.[24] Quaternization of the
phosphorus center, which leads to the 6-membered phospha-
cycle, proceeds upon treatment of phospholes p1 and p2 with
2 equivalents of copper(II) triflate according to the developed
protocol.[21,25] While the cyclization of p1 to give 3a[OTf] is
efficiently mediated by Cu(OTf)2 in acetonitrile-dichloromethane
solution at room temperature, the reaction from the donor-
functionalized p2 under the same conditions produces salt
3[OTf] in low yields of ca. 10 % and required tedious
purification. However, the addition of triflic acid (2 equivalents,
ambient conditions) together with Cu(OTf)2 apparently proto-
nates the starting aniline-containing phosphole p2 and dramat-
ically improves the yield of 3[OTf] to 66 %.

The second group of D� A dyes (4–8[BArF
4]) are the 9,10-

substituted anthracenes having terminal � +PPh2Me
phosphonium group as an acceptor A and variable donor
fragment D (Figure 1). These cations are obtained in moderate
yields by straightforward methylation of tertiary phosphines
(Scheme 2), analogously to the earlier synthesis of the iodide
salt 4[I].[26] Subsequent metathesis of the iodide for the � BArF

4

anion was carried out due to limited stability of the initial D� A

phosphonium iodides and significant emission quenching in
the presence of I� .

The identity of cations 1–8[X] was confirmed by ESI+ mass
spectra, which showed the dominating signals at m/z= 680.25,
580.22, 578.20, 544.22, 644.25, 646.26, 702.23, 796.30 corre-
sponding to singly charged molecular ions, respectively
(Supporting Information). Each of the title compounds displays
a singlet peak in the 31P{1H} NMR spectrum from CD2Cl2

solutions, which is found in the range 5.7–6.7 ppm for
phosphacyclic species 1–3[X], and 17.8–18.3 ppm for terminally
phosphonium-decorated anthracenes 4–8[BArF

4]. A minor
downfield shift of ca. 1 ppm of the signals from the spiro
compounds 3a and 3 compared to 1 and 2 likely originates
from somewhat lower electron density and thus deshielded
phosphorus nucleus in the phosphole-containing cations. The
values of chemical shifts are compatible with the data obtained
for other structurally related species[10d,21,26–27] and are virtually
independent of the nature of anions indicating a lack of ion
pair association in polar solvents.

The structures of dyes 2[BArF
4] and 3a[OTf] were deter-

mined crystallographically and are depicted in Figure 2 (Ta-
bles S1 and S2 list the crystal data and selected bond lengths
and angles, respectively). Cation 3a+ is a rare example of
spirocyclic systems with λ4σ4 P-center, which so far have been

Figure 1. Anthracene-based phosphonium salts considered in this work (compound 3Ph[OTf][21] with cyclized P atom bearing phenyl substituents is included
for comparison with bicyclic 3a[OTf]).

Scheme 2. Synthesis of compounds 4–8.
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mainly represented by symmetrical
spirobiphosphoniafluorenes.[28] Both cations in 2+ and 3a+

demonstrate substantial deviation of the PAH-heterocyclic
framework from planarity, which is evidently caused by steric
hindrance between the hydrogen atoms of the phenylene and
anthracene fragments. As a result, the tetrahedral phosphorus
atoms in 2+ and 3a+ clearly lie out of the average plane of the
polyaromatic core, which in turn demonstrates a certain
curvature distortion.[21] Contrarily to the six-membered ring, the
phosphole motif in 3a+ adopts a typical planar configuration
and is nearly orthogonal with respect to the anthracene part.

Salt 2[BArF
4] reveals some intermolecular π-π stacking

interactions between the alkynyl-PAH chromophores of adja-
cent cations, which demonstrate “head-to-tail” orientation, and
relatively long (>3.8 Å) cation-BArF

4 anion π-contacts (Fig-
ure S1). Most likely, such interaction significantly perturbs the
main skeleton’s linearity and leads to a tilted and twisted
conformation of the D and anthracene cores of 2+. No
appreciable stacking is observed in the crystal packing of
compound 3a[OTf].

Spectroscopic Properties and Theoretical Analysis

To get the first insights into the photophysical properties of
molecules 1–8 (Figure 1), we carried out DFT calculations at the
B3LYP/6-311 + G(d) level with CH2Cl2 as solvent under the PCM
solvent model (Figures S2–S6, and Table S3). The optimized
structures of the cations are consistent with the crystallographic
data, including the nonplanarity of the phospha-cyclic com-
pounds. Assuming that in polar solvent the effect of ion pairing
is negligible, the counteranions were not included into the
models. For all cations, the LUMO is largely distributed at the
electron-deficient phosphonium fragment, while the HOMO,
except for 3a, is located at the electron-donating amino
fragment. It is important to note that the LUMO of the spiro-

derivatives 3a and 3 is also delocalized over the fluorene
fragment (Figure 3), which was attributed to a phenomenon of
3D conjugation occurring in a non-planar bicyclic system
between the six-membered phosphorus heterocycle and the
bisphenyl fragment.[22] 8 significantly differs structurally from
the rest of the derivatives since it presents a perpendicularly
arranged bianthracene core. Regarding the relative energy of
the molecular orbitals, compound 3, a D� A system with a
phospha-spiro moiety, shows the narrowest S1� S0 energy gap
of 2.14 eV. Comparison of the results with those of compound
2, the analogous derivative with a � +PR2� fragment and a S1� S0

energy difference of 2.18 eV, reveals that the spiro motif is
indeed a stronger electron-accepting group, which further
reduces the S1� S0 energy gap of the D� A chromophore. This
can also be evidenced by a decrease in LUMO energy from
� 3.28 to � 3.32 eV for 2 and 3, respectively, while the HOMO
remains practically unchanged, i. e. � 5.46 and � 5.47 eV for 2
and 3. The electrochemical study of 3 shows an irreversible
oxidation at + 0.95 V and multiple reduction processes. The first
accessible reduction waves are at � 0.75, � 1.18 and � 1.50 V
(Figure S7), which are more positive than for 2[OTf] (� 0.79,
� 1.25 and � 1.95 V)[21] indicating better electron-accepting
properties of the spiro motif. In turn, the importance of the D� A
architecture for decreasing the S1� S0 energy gap is apparent

Figure 2. Molecular views of phosphonium salts 2[BArF
4] (left) and 3a[OTf]

(right, the bottom view highlights geometrical distortions due to repulsion
of hydrogen atoms shown in a space-filling mode). Thermal ellipsoids are
given at the 50 % probability level. Counterions are omitted for clarity.

Figure 3. A: frontier molecular orbitals of phospha-spiro derivatives 3a and 3
obtained by DFT calculations. B: representation of the energies of the
molecular orbitals (eV) for compounds 1 to 8 computed by DFT calculations.
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when comparing the properties of 3 with those of 3a that lacks
the extended para-ethynylphenyldimethyl amino donor group.
While the LUMO level is only relatively increased from � 3.32 to
� 3.24 eV from 3 to 3a, the HOMO starkly decreases from � 5.47
to � 6.22 eV for 3 to 3a as a result of a lower electronic density
in the system. The latter results in a strong increase in the S1� S0

energy gap from 2.14 eV for 3 to 2.97 eV for 3a, which is the
largest value for the entire series 1–8 (Table S3). Theoretical
attempts to find better donating π-extended fragments for
further reducing the S1� S0 energy gap were unsuccessful.
Changing the nature of the donating moiety on anthracene
derivatives containing a quaternized phosphorus atom revealed
the para-ethynylphenyl amino moiety to be the most electron-
donating fragment. Reducing the conjugation by removing the
para-ethynylphenyl fragment, replacing the triple bond with a
double bond, or modifying the nature of the π-spacer by a
thiophene or anthracene only led to bigger predicted S1� S0

energy gaps. In particular, the S1� S0 energy gap is 2.72 eV for 4
and 2.31 eV for 5. Unexpectedly, replacing the triple bond with
a double bond resulted in a S1� S0 energy gap of 2.37 eV (6). The
given difference correlates with the electronic absorption
spectra for 5 and 6 (Table 1, Figure 5). This somewhat
unexpected behavior contrasts with that of structurally similar
donor-acceptor pyridinium[29] and sulfanyl dyes,[30] in which the
ones with vinylene spacer exhibit lower energy absorption
compared to the ethynyl congeners. Compound 7 with a
thiophene spacer instead of a double bound displays a S1� S0

energy gap of 2.45 eV, which is increased to 2.48 eV for 8 due
to breaking the conjugation within the twisted bianthracene
fragment (see Figure S3).

The results from the theoretical investigations were corro-
borated experimentally by steady-state and time-resolved
spectroscopy. Photophysical properties of dyes 1–8[X] in
solution are listed in Table 1. In dichloromethane, phosphacyclic
compounds 1–3 feature low energy (LoE) absorption bands
maximized at 484 (1[BArF

4]), 570 (2[BArF
4]) and 575 nm (3[OTf])

(Figure 4), which are consistent with the ICT nature predicted
by theoretical calculations. The absorption wavelengths for salts
1[BArF

4] and 2[BArF
4] are very similar to those for their triflate

analogs,[21] which reveals a limited effect of ion pairing in the
ground state and negligible charge transfer between anion and
cation. The bathochromic shift of the absorption maxima of the
spiro-compound 3[OTf] with respect to 2[X], both of which
comprise the same electron-donating group, confirms the
better electron-accepting properties of the phospha-spiro
moiety compared to the monocyclic phosphonium fragment in
2[X], resulting in a smaller energy gap. This trend is observed
for 3a[OTf] and its mono P-cyclic congener 3Ph[OTf] (Figure 1),[21]

for which the LoE absorption in water is somewhat blue-shifted
for approx. 309 cm� 1 (Figure S8).[21]

The acyclic dyes 4–7[BArF
4] show charge transfer bands in

the range 497–527 nm (in CH2Cl2, Figure 5, and in toluene,
Figure S9) in accordance with their D� A molecular structure.
These data indicate that embedding the phosphonium and

Table 1. Photophysical properties of 1–8[X] in solution at 298 K.

dye solvent λabs, nm [ɛ, 10� 3 M� 1 cm� 1] λem, nm Δν, cm� 1 Φem
[a] τ, ns

1[BArF
4] CH2Cl2 277 (42), 484 (8.5) 755 7416 0.05 3.6[b]

toluene 479 (7.8) 718 6949 0.25

2[BArF
4] CH2Cl2 277 (28.3), 568 (16.6) 776 4719 0.07 1.3[c]

toluene 578 (15.6) 759 4126 0.12
2[OTf][21] CH2Cl2 276 (27.6), 570 (17.4) 778 4723 0.18 1.5

3a[OTf] CH2Cl2 274 (32.0), 458 (7.2) 540 3316 0.99 13.8
water 271 (40.9), 444 (7.1) 550 4341 0.79 14.6

3Ph[OTf][21] water 272 (37.6), 438 (6.7) 533 4070 0.99 16.0

3[OTf] CH2Cl2 286 (22.2), 575 (15.3) 797 4844 0.12 1.0
3[BArF

4] toluene 586 780 4244 0.09 1.1

4[BArF
4] CH2Cl2 265 (86.7), 520 (6.5) 720 5342 0.03 2.8[b]

toluene 526 (6.0) 700 4726 0.02

5[BArF
4] CH2Cl2 266 (28.6), 527 (12.9) 780 6155 0.03 0.7[c]

toluene 541 (11.9) 704 4280 0.16

6[BArF
4] CH2Cl2 269 (35.9), 497 (6.3) 796 7558 <0.01 0.4[c]

toluene 516 (7.6) 710 5295 <0.01

7[BArF
4] CH2Cl2 357 (42), 502 (9) 805 7498 <0.01

toluene 360 (44), 515 (11) 708 5293 <0.01

8[BArF
4] CH2Cl2 414 513/790 4661/11496 <0.01 0.7[c]

toluene 415 474/700 3057/9869 <0.01
EA 413 503 4333 <0.01
THF 413 477 3250 <0.01

[a] The experimental error is �5 %. [b] Monitored at 680 nm. [c] Monitored at 800 nm.
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especially the phospha-spiro motifs into the polycyclic system is
more beneficial for attaining the redshifted absorption than the
terminal decoration. In contrast to the abovementioned species,
the biacene compound 8[BArF

4] exhibits the most hypsochromi-
cally shifted absorption maximum (414 nm in CH2Cl2, Figure 6),
which, in accordance with theoretical calculations, supports the

disruption of the conjugation between the donor and acceptor
functions due to twisted arrangement of two anthracene
motifs.

The high solubility of the salts containing � BArF
4 anion in

toluene allowed for measuring the properties of 1–8[BArF
4] in a

medium of lower polarity. All compounds with ICT except
8[BArF

4] showed small negative solvatochromism; i. e. an
increase of the LoE absorption wavelengths with the decrease
of the solvent polarity (Table 1, Figure 4).

This behavior is typical for ionic dipolar chromophores and
reflects destabilization/stabilization of the ground/excited state
by less polar solvent molecules via dipole-dipole interactions.[31]

The absorption wavelength of salt 8[BArF
4] is little affected by

the change of the solvent (toluene, CH2Cl2, ethyl acetate,
tetrahydrofuran), which further supports a reduced intramolec-
ular photoinduced charge transfer (Table 1, Figure 6).

In line with the absorption properties, the emission spectra
of 1[BArF

4] and 2[BArF
4] in CH2Cl2 (λem/Φem = 755 nm/0.05 and

776 nm/0.07, Figure 4) resemble those of the corresponding
triflates (λem/Φem = 760 nm/0.1 and 778 nm/0.18).[21] Albeit in
solution counterions have a minor influence in the emission
wavelengths, quantum yields for � BArF

4 salts are at least twice
lower than those for the � OTf analogs due to a decrease of the
radiative rate constants (kr= 1.3 × 107 and 5.4 × 107 s� 1 for
1[BArF

4] and 2[BArF
4] vs 2.9 × 107 and 1.2 × 108 s� 1 for triflates),

while the nonradiative rates are affected to a much smaller
extent. This discrepancy indicates that the given bulky counter-
ion somehow affects the transition dipole moment by different
degrees of the ion-pair interaction, and hence changes the
radiative decay rate constant. It is worth mentioning the
behavior of 2[BArF

4] in toluene, where the long wavelength tail
extends beyond 1100 nm and clearly surpasses that of the
emission profile in CH2Cl2. This feature may arise from ion
migration phenomenon, which occurs in non-dissociated ion
pairs of D� A dyes in non-polar solvents and generates the low
energy emission bands.[26,32]

The phospha-spiro derivative 3a exhibits an emission
maximum at 540 nm in CH2Cl2 with an impressively high

Figure 4. UV-vis absorption (dashed) and emission (solid) spectra of the
1[BArF

4] (A), 2[BArF
4] and 3[OTf] (B) in CH2Cl2 and toluene at 298 K.

Figure 5. UV-vis absorption (dashed) and normalized emission (solid) spectra
of 4–7[BArF

4] in CH2Cl2 at room temperature.

Figure 6. Normalized UV-vis absorption (dashed) and emission (solid) spectra
of 8[BArF

4] in toluene, CH2Cl2, ethyl acetate and tetrahydrofuran.
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fluorescence quantum yield of 0.99, while the D� A compound 3
with a spiro fragment exhibits the longest emission wavelength
known to date from phosphorus heterocycles at 797 mn and
still maintaining a remarkable emission quantum yield of 0.12
(Figures 4 and S8). The fluorescence bands of compounds 3a
and 3 are bathochromically shifted for ca. 749 and 273 cm� 1 (ca.
20 nm) compared to the previously reported non-spiro
phosphonium relatives, λem/Φem = 519 nm/0.69 and 780 nm/
0.18 in CH2Cl2, respectively.[21] This reaffirms the important role
of the phospha-spiro fragments vs other quaternized
phosphorus centers in tuning the optical properties of D� A
systems, particularly in achieving the NIR emission. Note that
NIR photoluminescence is highly desirable for bioimaging
applications and some organophosphorus dyes have been
demonstrated to be especially suited to that end.[18,20,33] Finally,
salt 3a[OTf] retains intense yellow-greenish fluorescence in
water (λem = 550 nm, Figure S8) with the quantum yield of 0.79.

The luminescence characteristics of compounds 4–7[BArF
4]

with terminal � +PPh2Me phosphonium group strongly depend
on the nature of the spacer between the � NPh2 moiety and the
anthracene core (Scheme 2). The emission energy in dichloro-
methane gradually decreases in the order of 4 (λem = 720 nm) >
5 (λem = 780 nm) >6 (λem = 796 nm) >7 (λem = 805 nm), (Fig-
ure 5). Importantly, this trend does not show any correlation
with that of the absorption maxima, indicating a complex
dynamic process upon photoexcitation. Even though the
emission wavelength of 7 is slightly longer than that of 3, it is
worth noting that 7 exhibits a fluorescence quantum yield
<0.01. The fluorescence of 4[BArF

4] in dichloromethane is very
similar to that of the previously reported iodide 4[I] (λem/Φem =

720 nm/0.02),[26] which implies little influence of the anions on
the photophysics of chromophoric cations in polar solvents like
CH2Cl2 .[34] The emission bands of 3[BArF

4] and 6[BArF
4] maximize

virtually at the same wavelengths in CH2Cl2, but the quantum
yield for 6[BArF

4] (Φem<0.01) is ca. two orders of magnitude
lower than that for 3[BArF

4]. This highlights the benefits of the
rigid phospha-spiro structure on the suppression of non-
radiative relaxation pathway.

In toluene, salts 1–7[BArF
4] manifest hypsochromic shift of

luminescence ranging from 273 cm� 1 (Δ17 nm, 2) to 1702 cm� 1

(Δ97 nm, 7), Figures 4 and S9. This positive solvatochromism is
accompanied by a decrease in Stokes shift, which is primarily
caused by the increase in the emission energy and suggests
smaller structural change occurring in the excited state. The
latter can be tentatively attributed to the formation of ion pairs,
in which the � BArF

4 counterion, the size of which is comparable
to that of the cationic chromophore, destabilizes the ICT S1

state due to photoinduced charge redistribution and the lack of
bulky anion relocation occurring for smaller anions.[26,32] Most of
the dyes (1, 2, 4–7)[BArF

4] in toluene exhibit higher quantum
yields than in dichloromethane with up to a 5-fold increase for
1 and 5 (Table 1).

This enhancement is presumably caused by the aforemen-
tioned increase in the emission energy, although the rigidifying
effect of the large anion cannot be ruled out for non-
dissociated ion pair.

The diacene compound 8[BArF
4], which is one of the

weakest emitters in the studied series, unveils a more
complicated solvent-dependent fluorescence (Figure 6). While
in tetrahydrofurane and ethyl acetate the spectra comprise one
high energy (HiE) band (477 and 503 nm, respectively), in
dichloromethane and toluene 8[BArF

4] is dually emissive with
dominating LoE signal at 790 and 700 nm, respectively. The
excitation spectra monitored at two emission wavelengths
(Figure S10) confirm that both bands originate from the same
excited species. The HiE band is plausibly assigned to the locally
excited (anthracene) state, which corresponds to the orthogonal
conformation of the biacene core, as it has been described for
other bianthryl molecules.[35] The appearance of the NIR band
patently arises from torsional relaxation that favors the
formation of the LoE twisted charge transfer (TICT) state.

In the solid state, the luminescence of ionic dyes often
depends on the nature of counterions, which affect the packing
and intermolecular interactions.[34b,36] As a matter of fact, steri-
cally demanding fluorinated aryl borates have been used to
minimize the detrimental aggregation-induced quenching by
isolating the chromophore centers in polymer matrix, and in
some cases caused a red-shifted emission.[37] The solid-state
fluorescence of 1–8[BArF

4] and 3[OTf] was studied from neat
amorphous samples (Table 2). Dual emission with the maxima
at 650 and 850 nm and a total quantum yield of 0.02 was
detected for compound 1[BArF

4] (Figure 7). Grinding the sample
did not change substantially the ratio and the position of the
bands. Two different excited states could emerge from distinct
molecular conformations with variable degrees of charge trans-
fer rather than from intermolecular aggregates since the latter
are typically sensitive to mechanical perturbation. The emission
of 2[BArF

4] (λem = 696 nm) was considerably blue-shifted (ca.
1481 cm� 1 or 81 nm) relative to that in CH2Cl2 solution, while for
2[OTf] it was strongly red-shifted to the NIR region ca.
2246 cm� 1 (129 nm) to λem = 825 nm. The spiro derivative 3[OTf]
also showed the lowest energy fluorescence maximum at
860 nm in the solid state. In a similar fashion to 2[X], the
exchange of the counterion in 3 from OTf� to bulky � BArF

4

produces a significant hypsochromic shift of the emission
(1030 cm� 1, Figure 7A). The highest NIR luminescence quantum
yield of the title solid dyes was found for the terminal
phosphonium salt 6[BArF

4] with a styryl spacer (λem/Φem =

Table 2. Photophysical properties of 1–8[X] in the solid state at room
temperature.

Dye λem, nm Φem τ, ns

1[BArF
4] 650/830 0.02 1.5[a]

2[BArF
4] 696 0.02 7.0[b]

2[OTf] 825 n.d. n.d.
3a[OTf] 575 0.35 0.8 (0.74), 3.3 (0.26)
3[OTf] 860 n.d. n.d.
3[BArF

4] 790 n.d. n.d.
4[BArF

4] 666 0.04 6.8[b]

5[BArF
4] 695 <0.01 3.7[b]

6[BArF
4] 740 0.04 0.9[b]

7[BArF
4] 670 <0.01 n.d.

8[BArF
4] 630 0.01 6.9[a]

[a] Monitored at 650 nm. [b] Monitored at 700 nm.
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740 nm/0.04). The congener compounds 5[BArF
4] and 7[BArF

4]
with an ethynyl-phenylene or a thienyl-phenylene linkers
attached to the anthracene core exhibit the lowest emission
quantum yields not exceeding 0.01. The emission of diacene
8[BArF

4] is represented by the single band at λem = 630 nm,
which is considerably blue-shifted compared to that found in
CH2Cl2 solution (λem = 790 nm).

Conclusions

In summary, we present a systematic study of anthracene-based
donor-acceptor phosphonium dyes. The investigated series
comprise compounds 1–3[X] (X = triflate or � BArF

4) with phos-
phacyclic acceptor motif including the novel phospha-spiro
derivatives 3a[OTf] and 3[X], and salts 4–8[BArF

4] bearing
terminal � +PPh2Me group. Cations 3a+ and 3+ represent a rare
type of asymmetric phospha-spiro species, which comprise two
different P-heterocycles; 3a[OTf] is the first example of such
compounds analyzed crystallographically. The experimental
data, supported by theoretical analysis, reveal that bicyclic
systems with a quaternized P atom are the most electron-
accepting moieties in comparison to 6-membered P-hetero-
cycles or acyclic cationic fragments. This results in the longest

absorption wavelength (λabs, = 575 nm in CH2Cl2) and the small-
est predicted energy gap for dye 3[OTf]. Noteworthy, the
emission of 3[OTf] reaches 797 nm in solution (CH2Cl2) with the
quantum yield of 0.12, whereas in amorphous solid it is further
bathochromically shifted to 860 nm.

For 4–8[BArF
4], bearing the same acyclic phosphonium

substituent, variation of the electron-donating fragments was
carried out. Low quantum efficiencies of 4–8[BArF

4] and
hypsochromic shift of solid-state fluorescence clearly make the
phosphacyclic and particularly the phospha-spiro motifs the
most appealing electron-accepting building blocks for the
design of charge transfer D� A dyes, which could be of interest
for imaging, optoelectronic and photovoltaic applications.

Experimental section

General considerations

Compounds N,N-diphenyl-4-(thien-2-yl)aniline,[38] 9-(2-bromo-
phenyl)anthracene,[21] 9-(2-bromo-phenyl)-10-bromo-anthracene,[21]

4-[(9-(2-bromophenyl)anthracen-10-yl)ethynyl]-N,N-dimeth-
ylaniline,[21] 9-iodoanthracene,[39] 10-bromo-9-carbaldehyde
anthracene,[40] 9,9’-bianthracene,[41] 10,10’-dibromo-9,9’-
bianthracene,[42] 4-(N,N-diphenylamino)-benzeneboronic acid,[43] (4-
(diphenylamino)phenyl)methanol,[44] diethyl (4-
(diphenylamino)benzyl)phosphonate,[45] 4-ethynyl-N,N-
diphenylaniline,[46] 10-bromo-9-(N,N-diphenylamino)-anthracene,[47]

5-chloro-dibenzo[b,d]phosphole,[24] phosphonium salts 1[OTf],
2[OTf], 4[I][21,26] were prepared according to published procedures.
The syntheses of other precursors and of the acyclic salts 4–8[BArF

4],
the details of physical measurements are described in the
Supporting Information.

Synthetic procedures

3a[OTf]. The synthesis was carried out under a nitrogen atmos-
phere. A solution of Cu(OTf)2 (0.35 g, 0.96 mmol) in acetonitrile
(5 mL) was added to a solution of 5-(2-(anthracen-9-yl)phenyl)-5H-
benzo[b]phosphindole (p1) (0.20 g, 0.46 mmol) in dichloromethane
(15 mL) and the mixture was stirred for 10 min. The solvents were
evaporated, and the residue was purified by column chromatog-
raphy (Silica gel 70–230 mesh, 18 × 2.5 cm, eluent dichloromethane-
methanol, 99:1!95 : 5 v/v mixture) to afford an orange product
(240 mg, 90 %). ESI-MS (m/z): [M]+ 435.1310 (calcd 435.1303).
1H NMR (CD2Cl2, 298 K; δ): 8.88 (d, JHH 2.5 Hz, 1H, anthracene), 8.82
(dd, JHH 9.0 Hz, 1.0 Hz, 1H, -anthracene), 8.58–8.60 (m, 1H,
anthracene), 8.42 (dd, JHH 8.0 Hz, 6.0 Hz, 1H, anthracene), 8.31 (d, JHH

7.5 Hz, 1H, anthracene), 8.21 (br m, 2H, -C6H4-), 7.85–8.03 (m, 3H,
-C6H4- + phosphole), 7.76–7.83 (m, 4H, anthracene +-C6H4- + phosp-
hole), 7.37–7.71 (m, 6H, -C6H4- +-phosphole). 31P{1H} NMR (CD2Cl2,
298 K; δ): 6.2 (s) ppm. 13C{1H} NMR (126 MHz, CD2Cl2, 298 K; δ): 140.8
(d, JCP = 8 Hz), 138.1 (d, JCP = 3 Hz), 137.2, 135.5 (d, JCP = 11 Hz), 135.2
(d, JCP = 3 Hz), 134.2, 134.1, 132.6, 132.2, 131.6, 131.4, 130.2 (d, JCP =

9 Hz), 129.7, 129.4, 129.3, 127.5, 126.6, 126.5, 126.4, 126.2, 125.4 (d,
JCP = 18 Hz), 124.1 (d, JCP = 9 Hz), 112.6, 107.8. 19F{1H} NMR (CD2Cl2,
298 K; δ): –78.9 (s). Anal. Calc. for C33H20F3O3PS: C, 67.81; H, 3.45; S,
5.48; Found: C, 67.28; H, 3.67; S, 5.56.

3[OTf]. The synthesis was carried out under a nitrogen atmosphere.
A solution of Cu(OTf)2 (110 mg, 0.31 mmol) and trifluoromethane-
sulfonic acid (0.03 mL, 0.30 mmol) in acetonitrile (5 mL) was added
to a solution of 4-[(10-(2-(5H-benzo[b]phosphindol-5-
yl)phenyl)anthracen-9-yl)ethynyl]-N,N-dimethylaniline (p2) (84 mg,

Figure 7. Normalized emission spectra of 1–3[BArF
4], 3[OTf] (A) and 4–

8[BArF
4] (B) in the solid state (solid) at room temperature.
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0.15 mmol) in dichloromethane (10 mL). The mixture was stirred for
10 min., then an excess diethylamine (2 mL) was added and the
solvents were evaporated. The resulting dark residue was purified
by column chromatography (Silica gel 70–230 mesh, 18 × 2.5 cm,
eluent dichloromethane-methanol, 99:1!95 : 5 v/v mixture) to
afford dark violet product (70 mg, 66 %). ESI-MS (m/z): [M]+

578.2022 (calcd 578.2037). 1H NMR (CD2Cl2, 298 K; δ): 9.17 (d, JHH

8.0 Hz, 1H, anthracene), 8.87 (d, JHH 8.0 Hz, 1H, -C6H4-), 8.71 (d, JHH =

8.5 Hz, 1H, phosphole), 8.28 (dd, JHH = 8.0 Hz, 6.0 Hz, 1H,
anthracene), 7.67–8.30 (m, 17H, -C6H4- + anthracene+ phosphole
+-C6H4-NMe2), 6.77 (d, JHH 8.5 Hz, 2H, -C6H4-NMe2), 3.05 (s, 6H,
-NMe2). 31P{1H} NMR (CD2Cl2, 298 K; δ): 6.7 (s) ppm. 13C (CD2Cl2,
298 K; δ) 151.2, 140.8, 136.8, 136.7, 135.3 (d, JCP = 9 Hz), 135.0, 134.4,
134.1 (d, JCP = 10 Hz), 133.9, 133.3, 132.0 (d, JCP = 10 Hz), 131.2,
129.2, 129.1, 128.1, 127.9, 126.8, 125.8 (d, JCP = 16 Hz), 125.3, 123.9,
111.8, 109.0, 108.1, 84.5. 19F{1H} NMR (CD2Cl2, 298 K; δ): –78.9 (s)
ppm. 19F{1H} NMR (CD2Cl2, 298 K; δ): –78.9 (s) ppm. Anal. Calc. for
C43H29F3NO3PS: C, 70.97; H, 4.02; N, 1.92; S, 4.41; Found: C, 69.9; H,
4.19; N, 1.86; S, 3.95.

General procedure for anion metathesis. Sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (1.05 equiv.) was added to a
solution of a triflate or iodide salt (1.00 equiv.) in diethylether/
dichloromethane (5 : 1 v/v mixture, 5 mL). The suspension was
stirred at room temperature for 20 min., then was filtered through a
pad of Celite and evaporated. The crude product was extracted
with diethyl ether (10 mL), and purified by column chromatography
(aluminium oxide neutral 150 mesh, eluent dichloromethane-
hexane, 2 : 1 v/v).

1[BArF
4]. Prepared from 1[OTf]. Deep red amorphous solid (45 %).

ESI-MS (m/z): [M]+ 680.2513 (calcd 680.2507). 1H NMR (CD2Cl2,
298 K; δ): 8.68 (d, JHH 8.8 Hz, 1H, anthracene), 8.49 (m, 1H,
anthracene), 8.38 (dd, JHH 8.0 and 5.8 Hz, 1H, anthracene), 8.05 (d,
JHH 8.8 Hz, 1H, anthracene), 7.91–7.99 (m, 3H, anthracene), 7.49–7.85
(m, 24H, [BarF

4]� +-P+Ph2, -C6H4-), 7.30–7.42 (m, 14H, -C6H4- +-NPh2),
7.16 (tt, JHH 7.4 and 1.1 Hz, 2H, -NPh2). 13C NMR (CD2Cl2, 298 K; δ):
162.6 (q), 149.0, 148.0, 144.1, 140.5, 135.0, 135.4, 134.6 (d, JCP =

8 Hz), 134.3, 134.1, 133.6, 131.6, 129.3 (qq), 127.7, 127.0, 126.5,
125.0 (d, JCP = 15 Hz), 124.3, 123.8, 121.1, 118.1 (sept). 31P{1H} NMR
(CD2Cl2, 298 K; δ): 5.7 (s, 1P, P+

cycl).
31P{1H} NMR (CD2Cl2, 298 K; δ):

5.7 (s, 1P, P+
cycl). Anal. Calcd. for C82H47P1N1F24B1: C, 63.79; H, 3.07; N,

0.91. Found C, 63.90; H, 2.77; N, 1.01.

2[BArF
4]. Prepared from 2[OTf]. Purple solid (66 %). Single crystals for

the XRD structural analysis were obtained by slow diffusion of
heptane into a dichloromethane solution of 2[BArF

4] at room
temperature. ESI-MS (m/z): [M]+ 580.2168 (calcd 580.2194). 1H NMR
(CD2Cl2, 298 K; δ): 9.31 (dt, JHH 8.3 and 1.4 Hz, 1H, anthracene), 8.81
(d, JHH 8.6 Hz, 1H, anthracene), 8.54 (d, JHH 8.6 Hz, 1H, anthracene),
8.24 (dd, JHH 8.1 and 5.6 Hz, 1H, anthracene), 7.32–8.08 (m, 31H,
anthracene +-P+Ph2, [BarF

4]� +-C6H4-), 6.74 (d, JHH 9 Hz, 2H, -C6H4-),
3.10 (s, 6H, Me). 13C{1H} NMR (CD2Cl2, 298 K; δ): 163.1, 162.6, 162.1,
162.6 (q), 151.8, 140.4 (d, JCP = 5 Hz), 137. 4 (d, JCP = 8 Hz), 136.6,
136.4, 135.4, 135.0, 135.3, 134.5, 134.4, 134.3, 134.2, 133.9, 131.5,
131.3, 131.1, 131.0, 130.7, 130.6, 129.6 (qq), 128.6 (d, JCP = 12 Hz),
127.4, 126.5, 126.2, 125.8 (q), 123.8, 121.1, 118.1(sept), 115.1, 114.2,
112.4, 111.6, 110.6, 109.5, 108.6, 85.0, 54.6, 54.0, 53.5, 40.5. 31P{1H}
NMR (CD2Cl2, 298 K; δ): 5.7 (s, 1P, P+

cycl). Anal. Calcd. for
C74H43P1N1F24B1: C, 61.56; H, 3.00; N, 0.97. Found C, 61.80; H, 2.86; N,
1.01.

3[BArF
4]. Prepared from 3[OTf]. Purple solid (84 %). 1H NMR (CD2Cl2,

298 K; δ): 9.25 (d, JHH 9.8 Hz, 1H, -anthracene-), 8.94 (d, JHH 7.3 Hz,
1H, � C6H4� ), 8.77 (d, JHH = 8.4 Hz, 1H, -phosphole-), 8.36 (dd, JHH =

7.9 Hz, 6.2 Hz, 1H, -anthracene-), 7.51–8.25 (m, 29H, [BArF
4]�

+-C6H4� + anthracene + phosphole +-C6H4-NMe2), 6.78 (d, JHH

9.0 Hz, 2H, -C6H4-NMe2), 3.06 (s, 6H, -NMe2). 13C (CD2Cl2, 298 K; δ)

161.8 (m), 151.3, 137.0, 135.2, 135.07, 135.0, 134.8, 134.2 (d, J=

10 Hz), 134.2, 133.9, 133.3, 131.9, 131.8 (d, JCP = 13 Hz), 131.3, 130.4
(d, JCP = 10 Hz), 129.2, 129.0, 128.8, 128.5, 128.2, 128.0, 127.9, 126.8,
126.6, 126.5, 125.7, 125.5 (d, JCP = 12 Hz), 125.1, 125.0, 123.8, 123.5,
121.4, 117.5, 112.5, 111.8, 109.2, 108.1, 108.0, 107.4, 84.5, 39.9. 31P
{1H} NMR (CD2Cl2, 298 K; δ): 6.72 (s, 1P, P+

cycl) ppm. 19F{1H} NMR
(CD2Cl2, 298 K; δ): � 63.0 (s) ppm. Anal. Calc. for C74H41BF24NP: C,
61.64; H, 2.87; N, 0.97; Found: C, 61.10; H, 2.97; N, 0.88.

Supporting Information

The authors have cited additional references within the
Supporting Information.[48]

Deposition Number(s) 2253592 (for 2[BArF
4]), 2253593 (for

3a[OTf]) contain(s) the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformations-
zentrum Karlsruhe Access Structures service.
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