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ABSTRACT: Shortwave infrared (SWIR, 1000−1700 nm) absorbing and emitting
dyes are needed for infrared diodes and sensors used in a wide variety of industrial
and medical applications. Herein, an electron-withdrawing phosphine oxide (P�O)
substituted xanthene is coupled with strong indolizine donors to produce a SWIR
absorbing (λabs = 1294 nm in DCM) and emitting (λemis = 1450 nm in DCM) dye
called PRos1450. The unique properties of this dye are characterized via
photophysical, electrochemical, and computational analyses.

Chromophores that exhibit electronic transitions in the
shortwave infrared (SWIR, 1000−1700 nm) region are in

great need for the development of infrared diodes, photo-
conductor sensors, and fluorescent probes used in a wide
variety of applications such as species tracking, topological
mapping, and in vivo biological imaging.1−8 The most common
materials in use for SWIR photodetectors remain inorganic
metal composites like InGaAs, InAs, HgCdTe, and quantum
dots despite their raw material cost and need for cooling to
eliminate dark current.9−17 Organic polymers offer lower cost
solution processability and ambient operating temperatures,
but find accessing longer wavelength photocurrent response to
remain a challenge.18−21 SWIR emitting organic dyes are also
needed for use in fluorescence biological imaging since longer
emission wavelengths lead to improved imaging quality.22−25

However, very few small-molecule probes have been reported
with fluorescence wavelengths longer than 1400 nm.26−28

Thus, developing new organic small molecules that possess
these SWIR properties is necessary.
Rhodamine and xanthene dyes have been extensively studied

for over a century.29−31 These dyes absorb and emit strongly,
having extensive use in biological imaging and cellular
microscopy.32−35 Furthermore, the photophysical parame-
ters�namely, the peak emission wavelength (λemis)�of
these dyes are extremely tunable with both donor and core
modifications.32,36−40 Replacing the functional group in the
central ring of the xanthene core with electron-donating (e.g.,
O, N), -neutral (e.g., C, Si), and -withdrawing (e.g., SO2, C�
O, P�O)37,38,41−44 groups can dramatically shift λemis to
shorter or longer wavelengths. The phosphine oxide (P�O)
substituted xanthenes, like 1b,42 display some of the longest
λemis that can be accessed through core modifications alone,
and this moiety has also been shown to improve dye
stability.37,38,40,45,46 Core modifications which delete the

central atom altogether have also been used to shift peak
absorption wavelength (λabs) to longer wavelengths; however,
these dyes exhibit much less intense absorption (∼1/3rd the
molar absorptivity) and emission (low or undetectable).47,48

Our group has previously demonstrated how replacing
traditional amine donors with indolizine donors produces a
substantial shift of λemis toward longer wavelengths in O- and
Si-substituted xanthenes (tolRosIndz49 and SiRos1300,28,50

Figure 1). With this in mind, we hypothesize that replacing the
amine donors in a xanthene substituted with an electron-
withdrawing P�O group in the central ring (1b) with stronger
fully conjugated indolizine donors (PRos1450) would pave a
direct path toward longer wavelength SWIR emitting small-
molecule chromophores (Figure 1).
To synthesize PRos1450 (Scheme 1), 1 was prepared

according to literature precedent.52 Then, 1 underwent a
double lithium−halogen exchange reaction with n-butyllithium
(BuLi) followed by addition of P,P-dichlorophenylphosphine
(PhPCl2) and hydrogen peroxide (H2O2) to form a
triarylphosphine oxide intermediate, which was oxidized with
sodium hydroxide (NaOH), tetrabutylammonium bromide
(TBAB), and oxygen from the air to form the phospha-
xanthone core (2) in 22% yield over 3 steps. Then, to append
indolizine donors to 2, 1-methyl-2-phenyl indolizine (3,
synthesized according to literature precedent53) was used in
a palladium-catalyzed C−H activation reaction using con-
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ditions previously optimized for indolizine arylation28,49 to
afford the ketone (4) in 82% yield. The 2-phenyl and 1-methyl
substituents on the indolizine leave the primary coupling site at
the 3-position. No other isomers in the coupling reaction were
observed or isolated, and previous crystallography studies
suggest similar connectivity to that described herein.47,54

Grignard addition of commercial ortho-xylyl magnesium
bromide followed by stirring with aqueous perchloric acid
(HClO4) gave the final cationic dye in 31% yield.
The photophysical properties of PRos1450 were studied in

12 different organic solvents (Figures S1 and S2). The dye
behaves most cyanine-like with a π−π* transition (where the

Figure 1. Emission wavelength of xanthene series with electron-donating O (left), neutral Si (middle), or electron-withdrawing P�O (right)
substituted cores with amine (top) and indolizine (bottom) donors.28,33,42,49,51

Scheme 1. Synthetic Design of Indolizine Phospha-Rosindolizine Dye PRos1450

Figure 2. (a) Absorption (solid) and emission (dashed) spectra of PRos1450 in DCM. The emission signal is near the limit of the detector used,
and curve shape may differ with a detector extending further in the SWIR. (b) Frontier molecular orbital energies (solid = HOMO, dashed =
LUMO) and HOMO−LUMO energy gap (Eg

H‑L) of 1b, tolRosIndz, SiRos1300,47 and PRos1450. (c) Ring naming system and NICSZZ(avg)
values (average of NICSZZ(+1) and NICSZZ(−1)) in ppm for PRos1450 (Ar = o-xylyl).
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lowest energy transition is sharp and intense) between 1200
and 1300 nm in nonpolar halogenated solvents like dichloro-
methane (DCM), dichloroethane (DCE), and chloroform
(CHCl3). In all the other solvents studied, the dye displays a
broad absorption from 900 to 1400 nm, probably arising from
stabilization of localized charges in the cationic dye, leading to
increased charge transfer behavior in solution. Furthermore,
peaks at 540 and 870 nm arise in the absorption spectrum
taken in solvents such as acetonitrile (MeCN), methanol
(MeOH), ethyl acetate (EtOAc), and acetone, which align
with peaks observed in a concentrated DCE spectrum, which
may suggest that those absorption features are aggregation
induced (Figure S3). PRos1450 absorbs and emits at longer
wavelengths (λabs = 1294 nm and λemis = 1450 nm in DCM,
Figure 2a) than previous dyes 1b, tolRosIndz, and SiRos1300.
Notably, the switch from amine donors to indolizines produces
a shift to longer wavelengths of λabs and λemis by 0.79 eV (586
nm) and 0.84 eV (723 nm), respectively (Table 1). The trend
in molar absorptivity (ε) agrees with previously work38 where
from highest to lowest ε the trend is neutral substituted
xanthenes (Si, SiRos1300 = 115,000 M−1 cm−1) > electron-
donating substituted xanthenes (O, tolRosIndz = 79,500 M−1

cm−1) > electron-withdrawing substituted xanthenes (P�O,
PRos1450 = 61,000 M−1 cm−1). The fundamental reason for
this trend in ε across xanthene dyes is not well explored but
presumably comes from increased overlap of the frontier
molecular orbitals partaking in the electronic transition for
neutral substituents compared to donating or withdrawing
substituents. In photostability experiments (Figure S5),
PRos1450 shows a negligible decrease in absorption intensity
over 24 h (93%) under constant ambient indoor lighting and
maintains a significant absorbance at 1294 nm for 2−3 days
(63−30%). Although an emission spectrum was obtained for
PRos1450, a fluorescence quantum yield was not calculated
because the emission peak was near the end of the detectivity
limit of the InGaAs detector used.
In cyclic voltammetry (CV) measurements of PRos1450 in

DCM referencing ferrocenium/ferrocene at 0.00 V (Figure
S4), the ground state oxidation potential (ES+/S) is shifted to
more positive potentials (−0.25 V) compared to tolRosIndz
(−0.65 V) and SiRos1300 (−0.45 V). The same trend is also
found in the ground state reduction potential (ES/S−), where
the energy level is shifted to more positive potentials (−1.18
V) compared to tolRosIndz (−1.70 V) and SiRos1300 (−1.68
V). These observations are consistent with the addition of a
stronger withdrawing group to the xanthene core that lowers
the frontier molecular orbital energies. Using the onset
absorption wavelength (λonset, determined using the 0nset
program55) the optical energy gap (Eg

opt) can be determined
using the equation Eg

opt = 1240/λonset. As λabs increases across
the series, Eg

opt shrinks (tolRosIndz = 1.19 eV, SiRos1300 =
0.92 eV, PRos1450 = 0.84 eV). Thus, while both frontier

molecular orbitals are being stabilized by the addition of a
withdrawing group to the xanthene core, the amount of
stabilization is more for one of the orbitals, presumably the
lowest unoccupied molecular orbital (LUMO).
Similar to previous studies of comparable NIR and SWIR

dyes,28,49,56,57 all computational calculations were conducted at
the B3LYP/6-311G(d,p)58−60 level of theory using a DCM
polarizable continuum model61−64 as implicit solvent with
Gaussian1665 software. Density functional theory (DFT)
calculations (Table S1 and Figure 2b) show that the highest
occupied molecular orbital (HOMO) is raised significantly
(643 mV) switching from an amine donor (1b) to an
indolizine donor (PRos1450), which helps to shrink the
HOMO−LUMO energy gap (Eg

H‑L). The HOMO energy level
stays nearly the same across the series of indolizine xanthene
dyes (tolRosIndz, SiRos1300, and PRos1450, within 80 mV),
which corresponds to the identical indolizine donor used.
However, the LUMO drops significantly from tolRosIndz >
SiRos1300 > PRos1450 (428 mV difference between tolRo-
sIndz and PRos1450) due to the changing substituent in the
xanthene core, which�consistent with previous work38�
contributes to the shrinking Eg

H‑L. Visualization of the HOMO
and LUMO orbitals in PRos1450 (Figure S7) shows
delocalization across the entire π-system. Time-dependent
DFT (TD-DFT) calculations were also performed (Table S1)
to correlate with the solution phase photophysical data.
Vertical transition (VT) energies decrease across the series
1b > tolRosIndz > SiRos1300 > PRos1450. The differences in
VT energies between PRos1450 and 1b (0.91 eV), tolRosIndz
(0.24 eV), and SiRos1300 (0.08 eV) are similar to the
differences in maximum λabs (0.79, 0.38, and 0.13 eV,
respectively). These data demonstrate how modifying both
the functional group in the center of the xanthene core (O vs
Si vs P�O) and the appended donors (amine vs indolizine)
can change the molecular orbital configuration and result in
modulation of λabs. Interestingly, another property that arises
from decreasing Eg

H‑L and λabs energies is an increase in
thermally accessible diradical states. PRos1450 displays the
lowest energy singlet−triplet energy gap (ΔEST) of the series
of dyes compared herein (12.2 kcal/mol). Between this
relatively low computed ΔEST and the lack of sharp and
defined peaks in the 1H NMR spectrum, PRos1450 may have
some thermal population of a diradical triplet state.
Nucleus-independent chemical shift (NICS)66−70 calcula-

tions were performed (Figure 2c and Table S3) using the
optimized singlet ground state (S0) and the first triplet state
(T1) of PRos1450. NICSZZ(avg) values reported in Figure 2c
are the average of the NICSZZ(+1) and NICSZZ(−1) values (at
1 Å above and below each ring). Consistent with previous
reports,57,71 the T1 state is used as an approximation of the
excited state since the magnetic shielding tensors are not
available via TD-DFT for the S1 state with our computational

Table 1. Photophysical and Electrochemical Data for PRos1450 in a DCM Solutiona

dye λabs (nm) λonset (nm) λemis (nm) ε (M−1 cm−1) ES+/S (V) ES/S− (V) ES+/S* (V) Eg
opt (eV)

PRos1450 1294 1474 1450 61,000 −0.25 −1.18 −1.08 0.84
SiRos1300b 1140 1350 1300 115,000 −0.45 −1.68 −1.37 0.92
tolRosIndzc 930 1042 1097 79,500 −0.65 −1.70 −1.84 1.19
1bd 708 734 99,300

aElectrochemical potentials shown are referenced to Fc+/Fc at 0.00 V in DCM with a 0.1 M Bu4NPF6 supporting electrolyte under an Ar
atmosphere. bPreviously reported in DCM solution.28 cPhotophysical data previously reported in toluene;49 electrochemical data previously
reported in DCM.47 dPhotophysical data previously reported in PBS solution; electrochemical data and onset wavelength not provided.42

The Journal of Organic Chemistry pubs.acs.org/joc Note

https://doi.org/10.1021/acs.joc.4c00741
J. Org. Chem. 2024, 89, 9092−9097

9094

https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c00741/suppl_file/jo4c00741_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c00741/suppl_file/jo4c00741_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c00741/suppl_file/jo4c00741_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c00741/suppl_file/jo4c00741_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c00741/suppl_file/jo4c00741_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c00741/suppl_file/jo4c00741_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c00741/suppl_file/jo4c00741_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c00741/suppl_file/jo4c00741_si_001.pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.4c00741?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


software. The indolizine rings are aromatic in the ground state
(A and G = −10.9 ppm, B and F = −15.8 ppm) and remain
aromatic in the excited state but slightly less so (A and G =
−7.5 ppm, B and F = −10.4 ppm). The central ring containing
the phosphorus atom is antiaromatic in the ground state (D =
+7.0 ppm) and, interestingly, becomes more aromatic in the
excited state (D = +2.6 ppm). The adjacent benzene rings are
aromatic in the ground state (C and E = −8.8 ppm) and�
similar to ring D�become more aromatic in the excited state
(C and E = −11.4 ppm). This shift in ring D from antiaromatic
in the ground state to more aromatic in the excited state
follows closely with Baird’s rule,72 since the central ring can be
drawn as a homoaromatic 4n π-electron cationic system
consistent with weak antiaromaticity (Figure 2c). Also, this
trend is seen when comparing PRos1450 to our previous
NICS calculations47 on tolRosIndz and SiRos1300, where
tolRosIndz changes from being aromatic in the ground state
(−4.8 ppm) to antiaromatic in the excited state (+11.0 ppm)
and SiRos1300 remains antiaromatic in both the ground state
(+9.1 ppm) and the excited state (+7.5 ppm).
A unique phospha-rosindolizine dye (PRos1450) was

synthesized herein and displayed a significantly shifted λemis
(723 nm or 0.84 eV shift) to lower energy compared to that of
the previous amine donor phospha-rosamine analogue (1b).
The photophysical properties of the dye were described with
absorption spectroscopy in 12 different organic solvents,
showing the most cyanine-like absorption features in DCM,
DCE, and CHCl3. Electrochemical potentials were obtained in
DCM solution and show a decreasing optical energy gap
(Eg

opt) across the series of indolizine-appended xanthenes
(tolRosIndz > SiRos1300 > PRos1450). DFT and TD-DFT
computations corroborate the photophysical and electro-
chemical data where both the vertical transition energy and
HOMO−LUMO band gap decrease as tolRosIndz >
SiRos1300 > PRos1450. PRos1450 is an exceptionally long
wavelength absorbing and emitting dye, especially compared to
other indolizine-based dyes (Figure S6), which provides an
example dye design from which to work for future iterations.
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