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Abstract: NIR dyes have become popular for many applications, including biosensing and imaging.
For this reason, the molecular switch mechanism of the xanthene dyes makes them useful for in vivo
detection and imaging of bioanalytes. Our group has been designing NIR xanthene-based dyes by the
donor-acceptor-donor approach; however, the equilibrium between their opened and closed forms
varies depending on the donors and spacer. We synthesized donor-acceptor-donor NIR xanthene-
based dyes with an alkyne spacer via the Sonogashira coupling reaction to investigate the effects
of the alkyne spacer and the donors on the maximum absorption wavelength and the molecular
switching (ring opening) process of the dyes. We evaluated the strength and nature of the donors
and the presence and absence of the alkyne spacer on the properties of the dyes. It was shown
that the alkyne spacer extended the conjugation of the dyes, leading to absorption wavelengths
of longer values compared with the dyes without the alkyne group. In addition, strong charge
transfer donors shifted the absorption wavelength towards the NIR region, while donors with strong
π-donation resulted in xanthene dyes with a smaller equilibrium constant. DFT/TDDFT calculations
corroborated the experimental data in most of the cases. Dye 2 containing the N,N-dimethylaniline
group gave contrary results and is being further investigated.

Keywords: donor-acceptor-donor; NIR dyes; xanthene dyes; amine donors; alkyne spacers

1. Introduction

Organic dyes are of significant interest for many applications such as light-emitting
diodes [1–3], organic photovoltaics [4,5], dye-sensitized solar cells [6–9], photodynamic ther-
apy [10–12], and biological sensing and imaging [13–15]. Metal-free organic dyes are specif-
ically desirable because they are usually inexpensive, lightweight, and easy to process. The
classification of these dyes is based on their core-structures such as squaraines [16,17], cya-
nines [18–21], boron difluoride dipyrromethene (BODIPY analogs) [22,23], diketopyrrolopy-
rroles (DPP) [24–26], and xanthene derivatives [27–29]. Among these dyes, xanthene-based
dyes are desirable for biological sensing and imaging due to their unique molecular switch-
ing mechanism, excellent photophysical properties in the opened form, and extremely short
synthetic route. Fluorescein and rhodamine are the two most common xanthene dyes and
are widely used for cellular imaging and sensory applications due to their high fluorescence
quantum yield, large molar absorptivity coefficient, high photostability, and water solubil-
ity [28,30]. Fluorescein and rhodamine dyes can switch from a colorless spirocyclic structure
(closed form) to a colorful emissive form (opened form) upon stimulation by analytes [30].
Typically, these dyes have absorption and emission wavelengths around 400–600 nm in
the visible region. This property allows them to be used as colorimetric probes. Recently,
there has been interest in our group and others in extending the absorption and emission
wavelengths into the far-red, near-infrared (NIR), and shortwave infrared (SWIR) regions
for sensing and imaging applications in biological tissues. Many strategies have been used
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to modify their structures to obtain far-red to NIR dyes. These strategies include replacing
the bridged oxygen atom with Si [31–33], P [34–36], or C [33,37,38], extending the conjuga-
tion through an alkene group [39], and using the donor-acceptor-donor approach [40–42].
For example, Lavis and coworkers reported the synthesis of carbofluorescein and carborho-
damine by substituting the bridged oxygen atom with a quaternary carbon group [38]. The
new dyes exhibited a 50 nm bathochromic shift in the absorption and emission spectra com-
pared with their parent xanthene dyes. Fu et al. discovered the siliaanthracene derivative
(TMDHS, 2,7-N, N, N′, N′-tetramethyl-9-dimethyl-10-hydro-9-siliaanthracene) by replacing
the bridged oxygen atom with silicon [31]. The new compound, TMDHS, exhibited a 90 nm
bathochromic shift in its absorption and emission wavelengths compared with the parent
rhodamine compound. Nagano and coworkers further explored rhodamine derivatives by
replacing the bridging oxygen atom with group 14 elements Si, Ge, and Sn [43]. Si- and
Ge-containing rhodamine derivatives exhibited absorption and emission maxima in the
far-red to NIR I region; however, the Sn derivative was not studied due to its instability in
the solution. Our group also explored silafluorescein compounds as HOCl probes [44]. The
dye also yielded maximum absorption (586 nm) and emission (606 nm) levels that were
90 nm red-shifted compared with the original fluorescein. Yamaguchi et al. discovered
highly photostable rhodamine and fluorescein derivatives by replacing the bridging oxy-
gen atom with a phosphine oxide moiety. The phospha-fluorescein dye (POF) showed
absorption and emission at 627 nm and 656 nm, while the phospha-rhodamine dyes (POR)
showed maximum absorption and emission at 712 nm and 740 nm, respectively [35]. Ad-
ditionally, Yuan et al. reported a unique class of NIR fluorescent dyes that can transform
between fluorescence “on” and “off” modes with the switching of the lactone ring [39].
This new class of xanthene-dyes have extended π-conjugation through the xanthene core
and exhibited absorption maxima between 688 and 728 nm and emission maxima between
721 and 763 nm with excellent photophysical properties. However, due to the lengthy
synthetic steps that are required to obtain many of these NIR I xanthene-based dyes, they
are not desirable for scale-up protocols.

In the last few years, our group has been investigating a donor-acceptor-donor (D-A-D)
approach that is based on charge transfer between the donor and acceptor molecules to
obtain far-red to NIR xanthene-based dyes. One of the key aspects of our approach is the
short and straightforward synthetic routes to the dyes. For example, pyrrole and indole
were coupled at the C-2 position of the xanthene core using the Suzuki–Miyaura reaction
to prepare the dyes in two steps [40], while C-H activation chemistry was used to couple
indolizine at the C-3 position to the xanthene core [42]. The xanthene dyes with pyrrole
and indole donors resulted in maximum absorption and emission wavelength between
650 and 775 nm, whereas the indolizine donor resulted in maximum absorption and emis-
sion in the shortwave infrared (SWIR) region of 900–1100 nm. Recently, we incorporated a
thiophene spacer between the xanthene acceptor and the amine donors. It was shown that
the combination of the amine and thiophene acts as a strong donor, while the thiophene
spacer also acts to extend the conjugation. With this approach, we prepared two types of
dyes: a thienylpiperidine donor (CR880) [45], and a series of thienyldibenzazepine donors
(SCR-1–SCR-3) [46]. Moreover, the SCR dyes had absorption and emission maxima in the
SWIR region (890–1260 nm), and SCR-1 was used in a nano-receptor (SCR-NO) to detect
nitric oxide (NO) in a mouse liver model that was induced to produce NO. However, due
to the low quantum yield of the fluorescent signal, a photoacoustic imaging technique was
used to obtain the images. In addition to our group, Liu et al. recently reported a new set
of xanthene derivatives containing a styryl spacer with oxygen and nitrogen-based donors
(VIX-1–VIX-4) that resulted in photophysical properties in the NIR I to SWIR window
(720–1260 nm) [47]. Furthermore, VIX-4 was used to effectively demonstrate in vivo imag-
ing of blood circulation.

With our success in developing several NIR xanthene-based dyes using the D-A-D
approach, it was still left to determine the importance of the choice of donors that would
allow for the best photophysical properties of the dyes, particularly in the opened form.
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For this reason, we evaluated a series of dyes containing different donors and an alkyne
spacer. The donors and alkyne spacer were chosen to compare our dyes with the previously
published VIX dyes containing similar donors and an alkene spacer [47]. Our studies
combine experimental and computational analyses. It has been demonstrated that a well-
balanced combination of experimental and computational methodology results in a more
in-depth understanding of the molecular structures of compounds and their properties.
As such, our group has been applying computational methods in combination with the
experimental data to study structures and properties of various dyes. These studies have
resulted in the design of novel dyes with important characteristics for efficient light har-
vesting materials [48]. In this manuscript, we report a series of xanthene-based D-A-D dyes
with an alkyne spacer between oxygen and nitrogen-based donors (Scheme 1). The dyes
were synthesized in short synthetic routes and the effects of the donors and alkyne spacer
on their photophysical properties were studied spectroscopically and with DFT/TDDFT
calculations. The knowledge gained from the most successful computational approaches
developed in the previous studies are applied in the current project. Herein, we report
our results.

Scheme 1. Synthesis of Dyes 1–4.

2. Results and Discussions

The design of the new dyes is based on selecting common oxygen and nitrogen-based
donors (D-1 to D-4–anisole, N,N-dimethylaniline, N,N-diphenylaniline, and carbazole,
respectively) and connecting them to the xanthene core through an alkyne spacer. The
synthesis of these new xanthene-based dyes began by first coupling the different donors
containing the alkyne moiety to 3′,6′-dibromofluoran using the Sonogashira coupling
reaction according to a previously reported procedure (Scheme 1) [49,50]. It should be noted
that 4-ethynylanisole, 4-ethynyl-N,N-dimethylaniline, and 4-ethynyl-N,N-diphenylaniline
were commercially available; however, the other ethynyl donor needed to be prepared
according to procedures in the literature [51,52]. Subsequently, 9-phenylcarbazole was
coupled to ethynyltrimethylsilane, followed by removal of the trimethylsilyl group to give
the alkyne precursor (Scheme S1). All the alkyne compounds were coupled to the xanthene
core according to the conditions of Scheme 1.

Following the synthesis of the dyes in their closed forms, we attempted to convert them
to their ethyl ester based on our previous work [40]. Unfortunately, we were unsuccessful
in the synthesis of the ethyl esters. Consequently, we treated the dyes with trifluoroacetic
acid (TFA) to access the carboxylic acid opened form (Figure S1). TFA in dichloromethane
(DCM) was added to the dyes and the absorption spectra were obtained 30 min later.
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The absorption spectra for Dyes 1–4 are shown in Figure 1a. The maximum absorption
wavelength (abs λmax) for Dye 1 was obtained at 630 nm. While alkoxy groups are known
to be strong donors, amines are usually stronger donors [53]; consequently, Dyes 2–4 were
expected to have a stronger charge transfer interaction with the xanthene core, leading to a
lower bandgap. In fact, the strength of aromatic amine donors was studied by Marder and
coworkers who compared the intermolecular electron transfer (ET) process of the aromatic
amines [54]. The HOMO energy levels and ionization potentials were used to determine
the ET donor strength of the amines, which was expected to affect the abs λmax. It was
determined that the order of the ET donor strength was D3 > D4 > D2. While D1 was
not included in the study, it was expected to be less donating than the amine donors. We
were pleased to see that the experimental abs λmax followed this ET donor strength. For
example, the N,N-diphenylaniline donor (Dye 3) resulted in the longest abs λmax (850 nm),
followed by Dye 4 and Dye 2. Surprisingly, the N,N-dimethylaniline dye (Dye 2) possessed
a shorter abs λmax (515 nm) than Dye 1 (630 nm). Additionally, the 9-phenylcarbazole
donor (Dye 4) exhibited two prominent absorbance peaks with equal intensities: the first at
495 nm representing the π-π* transition, and the second at 675 nm from the charge transfer
transition (Figure 1a). We hypothesized that these two prominent transitions are due to
rotational barriers caused by the rigidity of the fused carbazole donor, leading to structural
differences. This rotational barrier could be attributed to the large twist angle between
the phenyl ring and the carbazole, which was calculated to be around 60◦, resulting in a
twisted or separated π-system. Consequently, the absorption occurred from different parts
of the of the molecule. It is worth noting that the abs λmax of Dyes 1 and 2 were blue-shifted
compared with those of the analogous xanthene VIX dyes reported previously [47]. Dye 1
is the analogous xanthene dye for VIX-2, which exhibited absorbance at 653 nm, a 20 nm
red-shift compared with Dye 1. On the other hand, VIX-3 with the N,N-dimethylaniline
group showed excellent photophysical properties in DCM with absorbance at 877 nm,
whereas Dye 2 showed absorbance at 515 nm.

Figure 1. (a) Absorption spectra of opened form of Dyes 1–4 experimental in DCM/TFA; (b) TDDFT
results at M06-2x/6-311G(d,p) level with PCM model (solvent = DCM, 1 eq TFA).

The absorption spectrum for each dye in the opened form was investigated by density
functional theory (DFT) using the M06-2X functional and 6-311G(d,p) basis set. The
molecular geometries of all the species considered were fully optimized (Figure S2). The
calculations were performed in the presence of TFA and DCM solvents. Based on the
TDDFT studies, Dye 2 has the longest wavelength followed by Dye 3, Dye 1, and Dye 4
(Figure 1b). We noticed one discrepancy in the trend in the absorption wavelength between
the computational results and the experimental data. Dye 2 was shown to have the
longest wavelength in the calculation, but the shortest among the pool of dyes studied
experimentally. The trend in the predicted absorption wavelength of the other dyes falls
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in the same order as the experimental data. Additionally, the calculation did not depict
the two distinct peaks of Dye 4 that were seen in the experimental data. The intriguing
differences between the experimental data and the calculated results for Dye 2 warrant
further investigation involving a careful study with further calculations for the parent
compound with other donors. Such studies have been initiated and will be discussed in
our future manuscript.

Our inability to convert the dyes to their respective ethyl ester prompts us to investi-
gate the equilibrium between the opened and closed forms. DFT was used to investigate the
ground state energies of the closed and opened forms of the dyes, and their stabilities are
compared with their π-donor strengths. It was shown that ET-donor and π-donor strengths
do not necessarily correlate with each other [54], and the π-donor strength follows the
order of D2 > D3 > D4. In this case, the N,N-diphenylaniline and the 9-phenylcarbazole
donors are the weakest π-donors of the amine series. This result can be explained by the
steric effects between the phenyl ring and the plane of the nitrogen lone pairs for both
D3 and D4 with a dihedral angle of 40◦ [54]. In the case of D2, the dihedral angle is closer
to 0◦. While N,N-diphenylaniline is a stronger ET donor than N,N-dimethylaniline, the
latter is a stronger π-donor. A stronger π-donor should lead to a more stable opened
form of the dye with a larger equilibrium constant than the weaker π-donors. To test this
phenomenon, we calculated the change in the Gibbs free energy (∆G) for the two forms
of each dye in the presence of one equivalent of TFA in DCM as the solvent (Table 1). The
calculations were performed at the M06-2X/6-311G(d,p) level with the PCM model. It
was determined from the calculation that the closed forms of all the dyes are more stable
than the opened forms, as seen from the positive change in enthalpy (∆H) and the ∆G.
Based on the ∆G values, the equilibrium constants (Keq) were calculated at 298 K to give
2.66× 10−14, 2.77× 10−16, 1.78× 10−15, and 1.98× 10−16 for Dyes 1–4, respectively. Based
on the equilibrium constants, Dye 1 has the largest K value and would be more stable in
the open form compared with Dyes 2, 3, and 4. This result corroborates the fact that the
methoxy group is a strong π-donor that forms a more planar compound. Additionally, the
calculation shows that Dyes 2 and 4 have a smaller Keq value than Dye 3, suggesting that
Dye 3 should open more readily than Dyes 2 and 4. Interestingly, the calculation predicts
that the N,N-dimethylaniline donor has the smallest Keq value and would be the least
favorable in the open form, although it was found to be the best π-donor of the amines.

Table 1. TDDFT calculations of ∆H, ∆G, and Keq for Dyes 1–4.

Dyes ∆H ∆G Keq

1—OCH3 20.7 18.5 2.65677 × 10−14

2—N(CH3)2 23.6 21.2 2.77359 × 10−16

3—NPh2 22.1 20.1 1.77928 × 10−15

4—Carb 23.2 21.4 1.97824 × 10−16

As predicted by the DFT calculation, the equilibrium between the opened and closed
forms of the dyes was unfavorable towards the opened form; consequently, a large excess
of TFA was required to open the dyes within 30 min (Figure S3). For Dye 2, even after
1000 equivalents of TFA was added, only a small amount of the opened form was observed
based on the low absorbance intensity of the major peak in the visible region in comparison
with the other dyes. On the other hand, Dyes 1, 3 and 4, recorded higher absorbance
intensities after 500 equivalents of TFA, suggesting that the equilibrium constant lies more
towards the opened form at this stage (Figure 2). To determine if the dyes are at equilibrium
after 30 min, we extended the time to 24 h to see if there were significant changes in the
absorbance intensities. For Dyes 1, 3, and 4, the absorbance intensity decreased after
24 h, suggesting that the equilibrium was not yet established after 30 min. However, the
absorbance intensity did not change substantially for Dye 2 after 24 h. Since the absorbance
intensities did not increase after 14 h, these results further confirm that the dyes prefer
to be in the closed form (Figure S4). To measure the equilibrium constant of the opened
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and closed forms of the dyes, it is necessary to know the molar extinction coefficient of
the dyes in the opened form [55]. Since we were unable to access the fully opened form of
the dyes, we are unable to obtain this data. Consequently, we resorted to calculating the
change in the absorbance intensity (∆ abs) at the maximum absorbance wavelength for the
largest curve in the visible to NIR regions (Figure S5). It was found that the ∆ abs after
24 h for Dye 1 was very large (503) compared with that of Dye 2, which was very small (8),
and Dyes 3 (60) and 4 (55), which were comparable with each other. These numbers are
not representative of the equilibrium constant; however, they give us an estimation of the
relative extent to which the dyes are in the opened form. While the absorbance intensity is
related to the extinction coefficient, it is our assumption that all the dyes have relatively
similar extinction coefficients. These experimental results follow the π-donor strengths,
except for the unusual case of Dye 2. Additionally, the results closely follow the DFT
prediction of Keq. Ongoing experiments are underway to determine the reason for the
difference in the trend in π-donor strength and the stability of Dye 2 in the opened form.

Figure 2. Absorption spectra for Dyes 1–4. Dyes 1, 3, and 4 at 500 equivalents and Dye 2 at
1000 equivalents of TFA.

In order to determine the effect of the alkyne spacer on the conjugation of the dyes,
we prepared the analogous xanthene-based dyes without the alkyne spacer. Dyes 6–8
were synthesized using the Suzuki–Miyaura coupling reaction, as shown in Scheme 2.
Unfortunately, we were unsuccessful in the synthesis of the carbazole compound under the
reaction conditions. However, since the goal was to determine if the alkyne spacer had a
significant effect on extending the conjugation of the dyes, we were satisfied to examine
the three dyes synthesized. The absorption spectra for Dyes 6–8 in DCM were taken
30 min after the addition of different equivalents of TFA (Figures S6 and S7). The absorption
maxima for the dyes without the alkyne spacer were blue-shifted compared with their
analogous counterparts (Dyes 1–3). For example, Dye 6 had an abs λmax at 582 nm, which
is 50 nm less than Dye 1, while Dyes 7 and 8 were 55 and 45 nm blue-shifted compared
with Dyes 2 and 3 (Figure 3). These results suggest that the alkyne spacer increased the
conjugation length of the dyes. Finally, we investigated the ease of converting Dyes 6–8
to the opened form. Interestingly, Dyes 6 and 8 required fewer equivalents of TFA to
go to the opened form compared with their alkyne analogs. In fact, Dye 8 had a higher
absorbance intensity after only 50 equivalents of TFA than its counterpart with 100 or more
TFA equivalents. Unfortunately, Dye 7 had an even lower absorbance intensity than its
alkyne analog (Dye 2). The N,N-Dimethylaniline donor seems to behave differently than
the other donors and further study is needed to understand its behavior.
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Scheme 2. Synthesis of Dyes 6–8.

Figure 3. Absorption spectra of Dyes 1–3 and 6–8 with TFA. Dyes 1, 3, and 6 at 100 equivalents.
Dyes 2 and 7 at 1000 equivalents. Dye 8 at 50 equivalents.

3. Materials and Methods

All reagents including catalysts and ligands were obtained from Sigma-Aldrich, Oak-
wood, Ambeed, or Fisher Scientific. Carbazole and 9-bromo-2,3,6,7-tetrahydro-1H,5H-
pyrido[3,2,1-ij]quinoline (Compound 3) were purchased and used without further purifica-
tions. HPLC grade solvents were used for spectroscopic analysis. 1H NMR and 13C NMR
spectra were recorded in deuterated solvents on a Bruker AVANCE 500 Hz spectrometer.
J values are expressed in Hz, and the quoted chemical shifts are in ppm downfield from
the tetramethylsilane (TMS) reference using the residual protonated solvents as an internal
standard. The signals have been designated as follows: s (singlet), d (doublet), t (triplet),
dd (doublet of doublets), and m (multiplets). High-resolution mass spectra (HRMS) were
determined on a Bruker-micrOTOF-Q II Mass Spectrometer. Absorption spectra were
acquired using an Agilent Cary 60 UV–Vis instrument.

Synthesis

Compounds 3’,6’-dibromofluoran, xanthene ditriflate, and compound 2 were pre-
pared according to procedures in the literature [50,51,56]. Compound 4, D4, and D5 were
prepared using modified procedures from the literature [52,57].
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Synthesis of 9-(4-ethynylphenyl)-9H-carbazole (D4)

9-(4-bromophenyl)-9H-carbazole [51] (Compound 2) (0.3104 mmol, 100 mg),
PdCl2(PPh3)2 (0.0310 mmol, 21.8 mg), and CuI (0.0310 mmol, 5.90 mg) were added into
a dried microwave vial in the glovebox. THF (0.5 mL), diisopropylamine (1.5 mL), and
TMS-acetylene (1.552 mmol, 0.23 mL) were added to the vial under nitrogen atmosphere,
and the reaction mixture was stirred at 80 ◦C for 24 h. The reaction mixture was allowed
to cool to room temperature and diluted with DI water (30 mL) and DCM (20 mL). The
layers were separated, and the aqueous phase was extracted with DCM (3 × 20 mL). The
combined organic layer was washed with 0.1 M HCl, saturated with sodium bicarbonate
solution, dried over anhydrous sodium sulfate, filtered, and concentrated under reduced
vacuum. The crude was purified by flash column chromatography using hexanes as the
eluent to give the 9-(4-((trimethylsilyl)ethynyl)phenyl)-9H-carbazole product as a white
solid at 95% yield. 1H NMR (500 MHz, CDCl3) δ 8.17 (d, J = 5.6 Hz, 2H), 7.73 (d, J = 8.5 Hz,
2H), 7.55 (d, J = 8.4 Hz, 2H), 7.47–7.41 (m, 4H), 7.33 (m, J = 5.2, 2.5 Hz, 2H), 0.34 (s, 9H).

9-(4-((trimethylsilyl)ethynyl)phenyl)-9H-carbazole (0.2945 mmol, 100 mg) and THF
(2 mL) were added to a dried round bottom flask. To the reaction mixture was added tetra-
n-butylammonium fluoride (TBAF) (1M in THF, 0.3534 mmol) under nitrogen atmosphere
for 2 h. The reaction mixture was diluted with DI water 30 mL and DCM 20 mL. The
layers were separated, and the aqueous phase was extracted with DCM (3 × 20 mL). The
combined organic layer was washed with 0.1 M HCl and saturated sodium bicarbonate
solution, dried over anhydrous sodium sulfate, filtered, and concentrated under reduced
pressure. The crude was purified by flash column chromatography using hexanes as the
eluent D4 as a white solid in 78% yield. 1H NMR: (500 MHz, CDCl3) δ 8.14 (d, J = 7.8 Hz,
2H), 7.73 (d, J = 8.5 Hz, 2H), 7.56 (d, J = 8.5 Hz, 2H), 7.42 (d, J = 2.4 Hz, 4H), 7.34–7.29
(m, 2H), 3.18 (s, 1H).

Compounds Dyes 1–4 were synthesized by modifying a previously published
procedure [49].

General procedure for synthesis of Dyes 1–4

3’,6’-Dibromofluoran (1 equiv., 100 mg), alkyne (2.4 equiv.), Pd(PPh3)4 (2 mol %), and
CuI (4 mol %) were added to a dried microwave vial and the mixture was suspended in
a nitrogen-saturated piperidine/DMF solution (piperidine 0.2 mL: DMF 1 mL). Then the
mixture was heated at 100 ◦C for 12 h. The mixture was diluted with DCM and washed
with brine.

3′,6′-bis((4-methoxyphenyl)ethynyl)-3H-spiro[isobenzofuran-1,9’-xanthen]-3-one (Dye 1)

The product was dried over anhydrous sodium sulfate, filtered, and concentrated
under reduced pressure. The crude was loaded onto silica gel and purified by column
chromatography using Hexanes: ethyl acetate (65:35) mixture to give a yellow-colored
solid at 83% yield. 1H NMR: (300 MHz, CDCl3) δ 1H NMR (300 MHz, CDCl3) δ 8.05
(d, J = 6.8 Hz, 1H), 7.72–7.61 (m, 2H), 7.54–7.44 (m, 6H), 7.16 (d, J = 8.2 Hz, 3H), 6.88
(d, J = 8.4 Hz, 4H), 6.80 (d, J = 8.2 Hz, 2H), 3.82 (s, 6H). 13C NMR: (126 MHz, CDCl3) δ 169.4,
160.1, 153.3, 150.9, 135.4, 133.4, 130.1, 128.0, 127.0, 126.4, 126.0, 125.4, 123.9, 120.0, 118.5,
114.8, 114.2, 91.4, 87.0, 81.9, 55.4. HRMS (ESI) m/z: [M + K]+ calculated for C38H24O5K;
599.1255, found 599.1255.
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Synthesis of 3’,6’-bis((4-(dimethylamino)phenyl)ethynyl)-3H-spiro[isobenzofuran-1,9’-
xanthen]-3-one (Dye 2)

The product was dried over anhydrous sodium sulfate, filtered, and concentrated
under reduced pressure. The crude was loaded onto silica gel and purified by column chro-
matography using Hexanes:ethyl acetate (3:2) mixture to give a yellow-colored solid at 70%
yield. 1H NMR: (500 MHz, CDCl3) δ 1H NMR (500 MHz, CDCl3) δ 8.05 (d, J = 7.4Hz, 1H),
7.65 (dtd, J = 22.1, 7.4, 1.2 Hz, 2H), 7.45–7.39 (m, 6H), 7.20–7.11 (m, 4H), 6.77 (d, J = 8.2 Hz,
2H), 6.66 (d, J = 8.9 Hz, 4H), 3.00 (s, 12H). 13C NMR: (126 MHz, CDCl3) δ 169.5, 153.4, 151.0,
150.5, 135.4, 133.1, 130.0, 127.9, 127.0, 126.8, 126.2, 125.4, 124.0, 120.0, 117.9, 111.9, 109.3,
92.9, 86.5, 82.2, 40.3. HRMS (ESI) m/z: [M + K]+ calculated for C40H30N2O3K; 625.1888,
found 625.1887.

Synthesis of 3’,6’-bis((4-(diphenylamino)phenyl)ethynyl)-3H-spiro[isobenzofuran-1,9’-
xanthen]-3-one (Dye 3)

The product was dried over anhydrous sodium sulfate, filtered, and concentrated
under reduced pressure. The crude was loaded onto silica gel and purified by column
chromatography using Hexanes:ethyl acetate (75:25) mixture to give a yellow-colored solid
at 85% yield. 1H NMR: (500 MHz, CDCl3) δ 8.08 (d, J = 7.4 Hz, 1H), 7.67 (dt, J = 18.6, 7.4 Hz,
2H), 7.47 (s, 2H), 7.40 (d, J = 8.3 Hz, 4H), 7.30 (t, J = 7.7 Hz, 8H), 7.19 (d, J = 7.6 Hz, 3H), 7.14
(d, J = 7.9 Hz, 8H), 7.09 (t, J = 7.4 Hz, 4H), 7.03 (d, J = 8.3 Hz, 4H), 6.82 (d, J = 8.2 Hz, 2H).
13C NMR: (126 MHz, CDCl3) δ 169.4, 153.3, 150.9, 148.44, 147.1, 135.4, 132.8, 130.1, 129.5,
127.9, 127.0, 126.4, 126.0, 125.4, 125.2, 123.9, 123.8, 122.1, 119.9, 118.4, 115.3, 91.8, 87.5, 81.9.
HRMS (ESI) m/z: [M + K]+ calculated for C60H38N2O3K; 873.2514 found 873.2514

Synthesis of 3’,6’-bis((4-(9H-carbazol-9-yl)phenyl)ethynyl)-3H-spiro[isobenzofuran-1,9’-
xanthen]-3-one (Dye 4)

The product was dried over anhydrous sodium sulfate, filtered, and concentrated under
reduced pressure. The crude was loaded onto silica gel and purified by column chromatogra-
phy using Hexanes:ethyl acetate (75:25) mixture to give a yellow-colored solid at 60% yield.
1H NMR: (500 MHz, CDCl3) δ 8.17 (d, J = 7.8 Hz, 4H), 8.13–8.09 (d, 1H), 7.85–7.76 (d, 4H),
7.74–7.65 (m, 2H), 7.64–7.60 (d, 4H), 7.57 (s, 2H), 7.50–7.42 (m, 8H), 7.33 (t, J = 7.2 Hz, 4H),
7.28 (dd, J = 8.2, 1.6 Hz, 2H), 7.20 (d, J = 7.4 Hz, 1H), 6.90 (d, J = 8.1 Hz, 2H). 13C NMR:
(126 MHz, CDCl3) δ 169.4, 153.3, 150.9, 140.6, 138.2, 135.5, 133.4, 130.3, 128.1, 127.3, 127.0, 126.2,
126.0 125.8, 125.5, 123.9, 123.7, 121.6, 120.5, 120.4, 120.3, 119.1, 109.8, 90.6, 89.0, 81.7. HRMS
(ESI) m/z: [M + K]+ calculated for C60H34N2O3K; 869.2201, found 869.2216

General procedure for synthesis of Dyes 6–8

Fluorescein ditriflate (1 equiv., 100 mg), 4-methoxyphenylboronic acid (3 equiv.),
KOAC (6 equiv.), and Pd(PPh3)4 (6 mol%) were added into a flame-dried microwave
reaction vial in a glovebox under nitrogen atmosphere. The microwave vial was sealed and
removed from the glovebox. Then a mixture of 1,4-dioxane: water (1:2, 3 mL) was added,
and the reaction mixture was heated at 100 ◦C for 12 h. The reaction mixture was allowed
to cool to room temperature. This was followed by the addition of water (25 mL) and
extraction with CH2Cl2 (3× 20 mL). The combined organic layer was dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure.

3′,6′-bis(4-methoxyphenyl)-3H-spiro[isobenzofuran-1,9’-xanthen]-3-one (Dye 6)

The crude product was purified by column chromatography on silica gel with a Hex-
anes:ethyl acetate (65:35) mixture to give a colorless solid at 85% yield. 1H NMR: (500 MHz,
CDCl3) δ 8.08 (d, J = 7.4 Hz, 1H), 7.74–7.62 (m, 2H), 7.56 (d, J = 8.9 Hz, 4H), 7.51 (d, J = 1.8 Hz,
2H), 7.26–7.22 (m, 3H), 6.99 (d, J = 8.7 Hz, 4H), 6.89 (d, J = 8.2 Hz, 2H), 3.86 (s, 6H). 13C NMR:
(126 MHz, CDCl3) δ 169.6, 159.9, 153.6, 151.7, 143.6, 135.3, 132.15, 129.9, 128.5, 128.4, 126.5,
125.30, 124.1, 122.4, 117.1, 114.9, 114.5, 82.7, 55.5. HRMS (ESI) m/z: [M + K]+ calculated for
C34H24O5K; 551.1255, found 551.1255.
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Synthesis of 3’,6’-bis(4-(dimethylamino)phenyl)-3H-spiro[isobenzofuran-1,9’-xanthen]-
3-one (Dye 7)

The crude product was purified by column chromatography on silica gel with a
Hexanes:ethyl acetate (3:2) mixture to give a yellow solid at 78% yield. 1H NMR: (500 MHz,
CDCl3) δ 8.09 (d, J = 7.5 Hz, 1H), 7.67 (dt, J = 21.8, 7.3 Hz, 2H), 7.56 (d, J = 8.3 Hz, 4H),
7.53 (d, J = 1.8 Hz, 2H), 7.30–7.22 (m, 3H), 6.87 (d, J = 8.2 Hz, 2H), 6.81 (d, J = 8.5 Hz, 4H),
3.02 (s, 12H). 13C NMR: (126 MHz, CDCl3) δ 169.7, 153.6, 151.8, 150.5, 143.9, 135.2, 129.8,
128.3, 127.9, 127.3, 126.6, 125.2, 124.1, 121.8, 116.3, 114.1, 112.7, 83.1, 40.5. HRMS (ESI) m/z:
[M + K]+ calculated for C36H30N2O3K; 577.1887, found 577.1888.

Synthesis of 3’,6’-bis(4-(diphenylamino)phenyl)-3H-spiro[isobenzofuran-1,9’-xanthen]-
3-one (Dye 8)

The crude was purified by column chromatography on silica gel with a Hexanes:ethyl
acetate (8:2) mixture to give a yellow solid at 80% yield. 1H NMR: (500 MHz, CDCl3) δ
8.06 (d, J = 7.4 Hz, 1H), 7.71–7.58 (m, 2H), 7.49 (s, 2H), 7.45 (d, J = 8.7 Hz, 4H), 7.30–7.18
(m, 11H), 7.12 (dd, J = 8.2, 4.9 Hz, 12H), 7.03 (t, J = 7.4 Hz, 4H), 6.86 (d, J = 8.4 Hz, 2H).
13C NMR: (126 MHz, CDCl3) δ 169.6, 153.5, 151.7, 148.1, 147.5, 143.5, 135.3, 133.1, 129.9,
129.5, 129.1, 128.5, 127.9, 126.5, 125.3, 124.8, 124.1, 123.4, 123.4, 122.9, 122.2, 117.1, 114.8, 82.7.
HRMS (ESI) m/z: [M + H]+ calculated for C56H38N2O3H; 787.2955, found 787.2966.

Analysis of the ring opening of each probe using different equivalents of TFA

Four milliliters of a 100 µM solution of each probe in chloroform was prepared, and
different equivalents of TFA were added. The solutions were allowed to sit, and the
absorption spectra were recorded after 30 min and 24 h.

Computational Methods

Density functional theory (DFT) with the Minnesota density functional M06-2X [58–60]
was applied in the present investigation. The basis set used was the Standard triple zeta
basis set augmented by polarization functions, and the diffuse functions—6-311G(d,p)
was used [61–63]. The Barone–Tomasi polarizable continuum model (PCM) [64] with
the recommended dielectric constant of dichloromethane DCM (e = 8.93) was applied to
simulate the solvated environment of an aqueous solution. The ground state geometries
of the study’s models were fully optimized using the above-mentioned theoretical level.
The force constants were determined analytically in the analysis of harmonic vibrational
frequencies for all of the complexes. The analysis of the data revealed that all considered
structures were minimum energy structures.

Time-dependent density functional theory (TDDFT) has been developed for theoretical
studies of excitation energies, absorption wavelengths, and oscillator strengths [65]. TDDFT
is widely applied in optical investigations of both large and medium size molecules. The
combination of DFT and TDDFT, as used in the current study, can provide efficient and
reasonably accurate evaluations of excited state properties. The GAUSSIAN 09 system of
DFT programs [66] was used for all computations.

4. Conclusions

We prepared donor-acceptor-donor far-red to NIR xanthene-based dyes with an alkyne
spacer to determine the effect of the spacer and donors on the absorption spectra and the
molecular switching (ring opening) process of the dyes. The dyes were prepared using a
short synthetic route, and the Sonogashira reaction was used to connect the alkyne spacer
containing the 4-anisole, N,N-dimethylaniline, N,N-diphenylaniline, and carbazole donors
to the xanthene core. The trend in the abs λmax of the dye was controlled by the ET strength
of the donors experimentally; however, the calculations predicted one difference in the
trend pertaining to Dye 2 containing the N,N-dimentylaniline donor. The Keq constants of
the opened and closed forms of the dyes can be determined by the π-donating strength of
the donors. Finally, the alkyne spacer was shown to extend the conjugation length of the
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dyes, thus increasing the abs λmax of the dyes, and the equilibrium constants of the dyes
seem to increase without the alkyne spacer.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28134929/s1. Figure S1. Structures and colors of Dyes 1–4
after opening with TFA; Figure S2. Optimized structures in gas phase with neutral form, positive
charged form, and CF3COOH combined complex (M06-2X/6-311G(d,p) level); Figure S3. Opening
of Dyes 1–4 with different equivalents of TFA; Figure S4. Equilibration of the dyes for 24 h after
different equivalents of TFA; Figure S5. Absorption spectra of Dyes 1–4 in closed (0 eq TFA) and opened
(500 or 1000 eq TFA) forms that were used to calculate the difference in the absorbance intensity between
the closed and opened forms; Figure S6. Structures and colors of Dyes 6–8 after opening with TFA;
Figure S7. Opening of Dyes 6–8 with different equivalents of TFA; Scheme S1. Synthesis of D-3
compound; 1H and 13C NMR of Dyes 1–4 and 6–8; HRMS of Dyes 1–4.

Author Contributions: Conceptualization, J.L. and C.N.S.; methodology, I.N.R. and J.W.; resources,
C.N.S., J.L., I.N.R. and J.W.; writing—original draft preparation, I.N.R.; writing—review and editing,
C.N.S.; supervision, C.N.S.; funding acquisition, J.L. and C.N.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by National Science Foundation for award OIA-1757220.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the Dyes 1–4 and 6–8 are available from the corresponding author.

References
1. Kim, J.H.; Liess, A.; Stolte, M.; Krause, A.-M.; Stepanenko, V.; Zhong, C.; Bialas, D.; Spano, F.; Würthner, F. An Efficient

Narrowband Near-Infrared at 1040 nm Organic Photodetector Realized by Intermolecular Charge Transfer Mediated Coupling
Based on a Squaraine Dye. Adv. Mater. 2021, 33, 2100582. [CrossRef]

2. Vashishtha, P.; Bishnoi, S.; Li, C.H.A.; Jagadeeswararao, M.; Hooper, T.J.N.; Lohia, N.; Shivarudraiah, S.B.; Ansari, M.S.; Sharma,
S.N.; Halpert, J.E. Recent Advancements in Near-Infrared Perovskite Light-Emitting Diodes. ACS Appl. Electron. Mater. 2020,
2, 3470–3490. [CrossRef]

3. Vasilopoulou, M.; Fakharuddin, A.; García de Arquer, F.P.; Georgiadou, D.G.; Kim, H.; Mohd Yusoff ARb Gao, F.; Nazeeruddin,
M.K.; Bolink, H.J.; Sargent, E.H. Advances in solution-processed near-infrared light-emitting diodes. Nat. Photonics 2021,
15, 656–669. [CrossRef]

4. Koumura, N.; Wang, Z.-S.; Mori, S.; Miyashita, M.; Suzuki, E.; Hara, K. Alkyl-Functionalized Organic Dyes for Efficient Molecular
Photovoltaics. J. Am. Chem. Soc. 2006, 128, 14256–14257. [CrossRef] [PubMed]

5. Meng, D.; Zheng, R.; Zhao, Y.; Zhang, E.; Dou, L.; Yang, Y. Near-Infrared Materials: The Turning Point of Organic Photovoltaics.
Adv. Mater. 2022, 34, 2107330. [CrossRef]

6. Khalid, M.; Khan, M.U.; Razia E-t Shafiq, Z.; Alam, M.M.; Imran, M.; Akram, M.S. Exploration of efficient electron acceptors for
organic solar cells: Rational design of indacenodithiophene based non-fullerene compounds. Sci. Rep. 2021, 11, 19931. [CrossRef]
[PubMed]

7. Lee, C.-P.; Li, C.-T.; Ho, K.-C. Use of organic materials in dye-sensitized solar cells. Mater. Today 2017, 20, 267–283. [CrossRef]
8. Li, W.; Liu, Z.; Xu, X.; Cheng, Y.-B.; Zhao, Z.; He, H. Near-infrared absorbing porphyrin dyes with perpendicularly extended

π-conjugation for dye-sensitized solar cells. RSC Adv. 2014, 4, 50897–50905. [CrossRef]
9. Kolemen, S.; Cakmak, Y.; Erten-Ela, S.; Altay, Y.; Brendel, J.; Thelakkat, M.; Akkaya, E.U. Solid-State Dye-Sensitized Solar Cells

Using Red and Near-IR Absorbing Bodipy Sensitizers. Org. Lett. 2010, 12, 3812–3815. [CrossRef]
10. Li, L.; Chen, Y.; Chen, W.; Tan, Y.; Chen, H.; Yin, J. Photodynamic therapy based on organic small molecular fluorescent dyes.

Chin. Chem. Lett. 2019, 30, 1689–1703. [CrossRef]
11. Lange, N.; Szlasa, W.; Saczko, J.; Chwiłkowska, A. Potential of Cyanine Derived Dyes in Photodynamic Therapy2021. Pharmaceu-

tics 2021, 13, 818. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/molecules28134929/s1
https://www.mdpi.com/article/10.3390/molecules28134929/s1
https://doi.org/10.1002/adma.202100582
https://doi.org/10.1021/acsaelm.0c00825
https://doi.org/10.1038/s41566-021-00855-2
https://doi.org/10.1021/ja0645640
https://www.ncbi.nlm.nih.gov/pubmed/17076489
https://doi.org/10.1002/adma.202107330
https://doi.org/10.1038/s41598-021-99254-4
https://www.ncbi.nlm.nih.gov/pubmed/34620948
https://doi.org/10.1016/j.mattod.2017.01.012
https://doi.org/10.1039/C4RA08338E
https://doi.org/10.1021/ol1014762
https://doi.org/10.1016/j.cclet.2019.04.017
https://doi.org/10.3390/pharmaceutics13060818
https://www.ncbi.nlm.nih.gov/pubmed/34072719


Molecules 2023, 28, 4929 12 of 14

12. Bassan, E.; Gualandi, A.; Cozzi, P.G.; Ceroni, P. Design of BODIPY dyes as triplet photosensitizers: Electronic properties tailored
for solar energy conversion, photoredox catalysis and photodynamic therapy. Chem. Sci. 2021, 12, 6607–6628. [CrossRef]
[PubMed]

13. Schnermann, M.J. Organic dyes for deep bioimaging. Nature 2017, 551, 176–177. [CrossRef] [PubMed]
14. Escobedo, J.O.; Rusin, O.; Lim, S.; Strongin, R.M. NIR dyes for bioimaging applications. Curr. Opin. Chem. Biol. 2010, 14, 64–70.

[CrossRef] [PubMed]
15. Zhu, S.; Tian, R.; Antaris, A.L.; Chen, X.; Dai, H. Near-Infrared-II Molecular Dyes for Cancer Imaging and Surgery. Adv. Mater.

2019, 31, 1900321. [CrossRef] [PubMed]
16. Ilina, K.; MacCuaig, W.M.; Laramie, M.; Jeouty, J.N.; McNally, L.R.; Henary, M. Squaraine Dyes: Molecular Design for Different

Applications and Remaining Challenges. Bioconjugate Chem. 2020, 31, 194–213. [CrossRef]
17. Ziarani, G.M.; Moradi, R.; Lashgari, N.; Kruger, H.G. Chapter 15—Squaraine Dyes. In Metal-Free Synthetic Organic Dyes; Ziarani,

G.M., Moradi, R., Lashgari, N., Kruger, H.G., Eds.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 193–196.
18. Mujumdar, R.B.; Ernst, L.A.; Mujumdar, S.R.; Waggoner, A.S. Cyanine dye labeling reagents containing isothiocyanate groups.

Cytometry 1989, 10, 11–19. [CrossRef]
19. Li, Y.; Zhou, Y.; Yue, X.; Dai, Z. Cyanine Conjugate-Based Biomedical Imaging Probes. Adv. Healthc. Mater. 2020, 9, 2001327.

[CrossRef]
20. Ziarani, G.M.; Moradi, R.; Lashgari, N.; Kruger, H.G. Chapter 8—Cyanine Dyes. In Metal-Free Synthetic Organic Dyes; Ziarani,

G.M., Moradi, R., Lashgari, N., Kruger, H.G., Eds.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 127–152.
21. Gopika, G.S.; Prasad, P.M.H.; Lekshmi, A.G.; Lekshmypriya, S.; Sreesaila, S.; Arunima, C.; Kumar, M.S.; Anil, A.; Sreekumar, A.;

Pillai, Z.S. Chemistry of cyanine dyes—A review. Mater. Today Proc. 2021, 46, 3102–3108. [CrossRef]
22. Kowada, T.; Maeda, H.; Kikuchi, K. BODIPY-based probes for the fluorescence imaging of biomolecules in living cells. Chem. Soc.

Rev. 2015, 44, 4953–4972. [CrossRef]
23. Loudet, A.; Burgess, K. BODIPY Dyes and Their Derivatives: Syntheses and Spectroscopic Properties. Chem. Rev. 2007,

107, 4891–4932. [CrossRef] [PubMed]
24. Ma, Q.; Sun, X.; Wang, W.; Yang, D.; Yang, C.; Shen, Q.; Shao, J. Diketopyrrolopyrrole-derived organic small molecular dyes for

tumor phototheranostics. Chin. Chem. Lett. 2022, 33, 1681–1692. [CrossRef]
25. Grzybowski, M.; Gryko, D.T. Diketopyrrolopyrroles: Synthesis, Reactivity, and Optical Properties. Adv. Opt. Mater. 2015,

3, 280–320. [CrossRef]
26. Auwalu, M.A.; Cheng, S. Diketopyrrolopyrrole Fluorescent Probes, Photophysical and Biological Applications. Chemosensors

2021, 9, 44. [CrossRef]
27. Shabir, G.; Saeed, A.; Ali Channar, P. A Review on the Recent Trends in Synthetic Strategies and Applications of Xanthene Dyes.

Mini Rev. Org. Chem. 2018, 15, 166–197. [CrossRef]
28. Karaman, O.; Alkan, G.A.; Kizilenis, C.; Akgul, C.C.; Gunbas, G. Xanthene dyes for cancer imaging and treatment: A material

odyssey. Coord. Chem. Rev. 2023, 475, 214841. [CrossRef]
29. Kamino, S.; Uchiyama, M. Xanthene-based functional dyes: Towards new molecules operating in the near-infrared region. Org.

Biomol. Chem. 2023, 21, 2458–2471. [CrossRef]
30. Kim, H.N.; Lee, M.H.; Kim, H.J.; Kim, J.S.; Yoon, J. A new trend in rhodamine-based chemosensors: Application of spirolactam

ring-opening to sensing ions. Chem. Soc. Rev. 2008, 37, 1465–1472. [CrossRef]
31. Fu, M.; Xiao, Y.; Qian, X.; Zhao, D.; Xu, Y. A design concept of long-wavelength fluorescent analogs of rhodamine dyes:

Replacement of oxygen with silicon atom. Chem. Commun. 2008, 15, 1780–1782. [CrossRef]
32. Kushida, Y.; Nagano, T.; Hanaoka, K. Silicon-substituted xanthene dyes and their applications in bioimaging. Analyst 2015,

140, 685–695. [CrossRef]
33. Ikeno, T.; Nagano, T.; Hanaoka, K. Silicon-substituted Xanthene Dyes and Their Unique Photophysical Properties for Fluorescent

Probes. Chem.–Asian J. 2017, 12, 1435–1446. [CrossRef] [PubMed]
34. Fukazawa, A.; Suda, S.; Taki, M.; Yamaguchi, E.; Grzybowski, M.; Sato, Y.; Higashiyama, T.; Yamaguchi, S. Phospha-fluorescein:

A red-emissive fluorescein analogue with high photobleaching resistance. Chem. Commun. 2016, 52, 1120–1123. [CrossRef]
35. Grzybowski, M.; Taki, M.; Senda, K.; Sato, Y.; Ariyoshi, T.; Okada, Y.; Kawakami, R.; Imamura, T.; Yamaguchi, S. A Highly

Photostable Near-Infrared Labeling Agent Based on a Phospha-rhodamine for Long-Term and Deep Imaging. Angew. Chem. Int.
Ed. 2018, 57, 10137–10141. [CrossRef] [PubMed]

36. Ogasawara, H.; Tanaka, Y.; Taki, M.; Yamaguchi, S. Late-stage functionalisation of alkyne-modified phospha-xanthene dyes:
Lysosomal imaging using an off–on–off type of pH probe. Chem. Sci. 2021, 12, 7902–7907. [CrossRef] [PubMed]

37. Martineau, M.; Somasundaram, A.; Grimm, J.B.; Gruber, T.D.; Choquet, D.; Taraska, J.W.; Lavis, L.D.; Perrais, D. Semisynthetic
fluorescent pH sensors for imaging exocytosis and endocytosis. Nat. Commun. 2017, 8, 1412. [CrossRef]

38. Grimm, J.B.; Sung, A.J.; Legant, W.R.; Hulamm, P.; Matlosz, S.M.; Betzig, E.; Lavis, L.D. Carbofluoresceins and Carborhodamines
as Scaffolds for High-Contrast Fluorogenic Probes. ACS Chem. Biol. 2013, 8, 1303–1310. [CrossRef]

https://doi.org/10.1039/D1SC00732G
https://www.ncbi.nlm.nih.gov/pubmed/34040736
https://doi.org/10.1038/nature24755
https://www.ncbi.nlm.nih.gov/pubmed/29088708
https://doi.org/10.1016/j.cbpa.2009.10.022
https://www.ncbi.nlm.nih.gov/pubmed/19926332
https://doi.org/10.1002/adma.201900321
https://www.ncbi.nlm.nih.gov/pubmed/31025403
https://doi.org/10.1021/acs.bioconjchem.9b00482
https://doi.org/10.1002/cyto.990100104
https://doi.org/10.1002/adhm.202001327
https://doi.org/10.1016/j.matpr.2021.02.622
https://doi.org/10.1039/C5CS00030K
https://doi.org/10.1021/cr078381n
https://www.ncbi.nlm.nih.gov/pubmed/17924696
https://doi.org/10.1016/j.cclet.2021.10.054
https://doi.org/10.1002/adom.201400559
https://doi.org/10.3390/chemosensors9030044
https://doi.org/10.2174/1570193X14666170518130008
https://doi.org/10.1016/j.ccr.2022.214841
https://doi.org/10.1039/D2OB02208G
https://doi.org/10.1039/b802497a
https://doi.org/10.1039/b718544h
https://doi.org/10.1039/C4AN01172D
https://doi.org/10.1002/asia.201700385
https://www.ncbi.nlm.nih.gov/pubmed/28452155
https://doi.org/10.1039/C5CC09345G
https://doi.org/10.1002/anie.201804731
https://www.ncbi.nlm.nih.gov/pubmed/29984448
https://doi.org/10.1039/D1SC01705E
https://www.ncbi.nlm.nih.gov/pubmed/34168843
https://doi.org/10.1038/s41467-017-01752-5
https://doi.org/10.1021/cb4000822


Molecules 2023, 28, 4929 13 of 14

39. Yuan, L.; Lin, W.; Yang, Y.; Chen, H. A Unique Class of Near-Infrared Functional Fluorescent Dyes with Carboxylic-Acid-
Modulated Fluorescence ON/OFF Switching: Rational Design, Synthesis, Optical Properties, Theoretical Calculations, and
Applications for Fluorescence Imaging in Living Animals. J. Am. Chem. Soc. 2012, 134, 1200–1211. [CrossRef] [PubMed]

40. Rajapaksha, I.; Chang, H.; Xiong, Y.; Marder, S.; Gwaltney, S.R.; Scott, C.N. New Design Strategy Toward NIR I Xanthene-Based
Dyes. J. Org. Chem. 2020, 85, 12108–12116. [CrossRef]

41. Huang, T.; Wang, Q.; Meng, G.; Duan, L.; Zhang, D. Accelerating Radiative Decay in Blue through-Space Charge Transfer Emitters
by Minimizing the Face-to-Face Donor–Acceptor Distances. Angew. Chem. Int. Ed. 2022, 61, e202200059.

42. Rathnamalala, C.S.L.; Gayton, J.N.; Dorris, A.L.; Autry, S.A.; Meador, W.; Hammer, N.I.; Delcamp, J.H.; Scott, C.N. Donor–
Acceptor–Donor NIR II Emissive Rhodindolizine Dye Synthesized by C–H Bond Functionalization. J. Org. Chem. 2019,
84, 13186–13193. [CrossRef]

43. Koide, Y.; Urano, Y.; Hanaoka, K.; Terai, T.; Nagano, T. Evolution of Group 14 Rhodamines as Platforms for Near-Infrared
Fluorescence Probes Utilizing Photoinduced Electron Transfer. ACS Chem. Biol. 2011, 6, 600–608. [CrossRef]

44. Best, Q.A.; Sattenapally, N.; Dyer, D.J.; Scott, C.N.; McCarroll, M.E. pH-Dependent Si-Fluorescein Hypochlorous Acid Fluorescent
Probe: Spirocycle Ring-Opening and Excess Hypochlorous Acid-Induced Chlorination. J. Am. Chem. Soc. 2013, 135, 13365–13370.
[CrossRef] [PubMed]

45. Rathnamalala, C.S.L.; Pino, N.W.; Herring, B.S.; Hooper, M.; Gwaltney, S.R.; Chan, J.; Scott, C.N. Thienylpiperidine Donor NIR
Xanthene-Based Dye for Photoacoustic Imaging. Org. Lett. 2021, 23, 7640–7644. [CrossRef] [PubMed]

46. Rathnamalala, C.S.L.; Hernandez, S.; Lucero, M.Y.; Swartchick, C.B.; Kalam Shaik, A.; Hammer, N.I.; East, A.K.; Gwaltney, S.R.;
Chan, J.; Scott, C.N. Xanthene-Based Nitric Oxide-Responsive Nanosensor for Photoacoustic Imaging in the SWIR Window.
Angew. Chem. Int. Ed. 2023, 62, e202214855. [CrossRef] [PubMed]

47. Liu, D.; He, Z.; Zhao, Y.; Yang, Y.; Shi, W.; Li, X.; Ma, H. Xanthene-Based NIR-II Dyes for In Vivo Dynamic Imaging of Blood
Circulation. J. Am. Chem. Soc. 2021, 143, 17136–17143. [CrossRef]

48. Krishna, J.G.; Ojha, P.K.; Kar, S.; Roy, K.; Leszczynski, J. Chemometric modeling of power conversion efficiency of organic dyes in
dye sensitized solar cells for the future renewable energy. Nano Energy 2020, 70, 104537. [CrossRef]

49. Estrada, L.A.; Neckers, D.C. Synthesis and Photophysics of Dibenz[a,c]phenazine Derivatives. Org. Lett. 2011, 13, 3304–3307.
[CrossRef]

50. Woodroofe, C.C.; Lim, M.H.; Bu, W.; Lippard, S.J. Synthesis of isomerically pure carboxylate- and sulfonate-substituted xanthene
fluorophores. Tetrahedron 2005, 61, 3097–3105. [CrossRef]

51. Ramsingh Girase, T.; Bhilare, S.; Sankar Murthy Bandaru, S.; Chrysochos, N.; Schulzke, C.; Sanghvi, Y.S.; Kapdi, A.R. Carbazole-
Based N-Heterocyclic Carbenes for the Promotion of Copper-Catalyzed Palladium-Free Homo-/Hetero-Coupling of Alkynes and
Sonogashira Reactions. Asian J. Org. Chem. 2020, 9, 274–291. [CrossRef]

52. Hebbar, N.; Fiol-Petit, C.; Ramondenc, Y.; Plé, G.; Plé, N. A new series of rod-like conjugated molecules with a pyrazine or a
bipyrazine core. Synthesis and light emitting properties. Tetrahedron 2011, 67, 2287–2298. [CrossRef]

53. Creamer, A.; Casey, A.; Marsh, A.V.; Shahid, M.; Gao, M.; Heeney, M. Systematic Tuning of 2,1,3-Benzothiadiazole Acceptor
Strength by Monofunctionalization with Alkylamine, Thioalkyl, or Alkoxy Groups in Carbazole Donor–Acceptor Polymers.
Macromolecules 2017, 50, 2736–2746. [CrossRef]

54. Kwon, O.; Barlow, S.; Odom, S.A.; Beverina, L.; Thompson, N.J.; Zojer, E.; Brédas, J.-L.; Marder, S.R. Aromatic Amines: A
Comparison of Electron-Donor Strengths. J. Phys. Chem. A 2005, 109, 9346–9352. [CrossRef] [PubMed]

55. Hinckley, D.A.; Seybold, P.G. A spectroscopic/thermodynamic study of the rhodamine B lactone 
 zwitterion equilibrium.
Spectrochim. Acta Part A Mol. Spectrosc. 1988, 44, 1053–1059. [CrossRef]

56. Grimm, J.B.; Lavis, L.D. Synthesis of Rhodamines from Fluoresceins Using Pd-Catalyzed C–N Cross-Coupling. Org. Lett. 2011,
13, 6354–6357. [CrossRef]

57. Breiten, B.; Wu, Y.-L.; Jarowski, P.D.; Gisselbrecht, J.-P.; Boudon, C.; Griesser, M.; Onitsch, C.; Gescheidt, G.; Schweizer, W.B.;
Langer, N.; et al. Donor-substituted octacyano[4]dendralenes: A new class of cyano-rich non-planar organic acceptors. Chem. Sci.
2011, 2, 88–93. [CrossRef]

58. Zhao, Y.; Truhlar, D.G. Applications and validations of the Minnesota density functionals. Chem. Phys. Lett. 2011, 502, 1–13.
[CrossRef]

59. Zhao, Y.; Truhlar, D.G. The M06 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncova-
lent interactions, excited states, and transition elements: Two new functionals and systematic testing of four M06-class functionals
and 12 other functionals. Theor. Chem. Acc. 2008, 120, 215–241.

60. Zhao, Y.; Truhlar, D.G. Density Functionals with Broad Applicability in Chemistry. Acc. Chem. Res. 2008, 41, 157–167. [CrossRef]
61. McLean, A.D.; Chandler, G.S. ‘Contracted Gaussian basis sets for molecular calculations, I. Second row atoms, Z=11–18. J. Chem.

Phys. 1980, 72, 5639–5648. [CrossRef]
62. Krishnan, R.; Binkley, J.S.; Seeger, R.; Pople, J.A. Self-consistent molecular orbital methods, X.X. A basis set for correlated wave

functions. J. Chem. Phys. 1980, 72, 650–654. [CrossRef]
63. Hehre, W.J. Ab initio molecular orbital theory. Acc. Chem. Res. 1976, 9, 399–406. [CrossRef]
64. Cossi, M.; Barone, V.; Cammi, R.; Tomasi, J. Ab initio study of solvated molecules: A new implementation of the polarizable

continuum model. Chem. Phys. Lett. 1996, 255, 327–335. [CrossRef]

https://doi.org/10.1021/ja209292b
https://www.ncbi.nlm.nih.gov/pubmed/22176300
https://doi.org/10.1021/acs.joc.0c01242
https://doi.org/10.1021/acs.joc.9b01860
https://doi.org/10.1021/cb1002416
https://doi.org/10.1021/ja401426s
https://www.ncbi.nlm.nih.gov/pubmed/23889259
https://doi.org/10.1021/acs.orglett.1c02862
https://www.ncbi.nlm.nih.gov/pubmed/34550707
https://doi.org/10.1002/anie.202214855
https://www.ncbi.nlm.nih.gov/pubmed/36722146
https://doi.org/10.1021/jacs.1c07711
https://doi.org/10.1016/j.nanoen.2020.104537
https://doi.org/10.1021/ol200354t
https://doi.org/10.1016/j.tet.2005.01.024
https://doi.org/10.1002/ajoc.202000016
https://doi.org/10.1016/j.tet.2011.01.068
https://doi.org/10.1021/acs.macromol.7b00235
https://doi.org/10.1021/jp054334s
https://www.ncbi.nlm.nih.gov/pubmed/16833276
https://doi.org/10.1016/0584-8539(88)80227-7
https://doi.org/10.1021/ol202618t
https://doi.org/10.1039/C0SC00387E
https://doi.org/10.1016/j.cplett.2010.11.060
https://doi.org/10.1021/ar700111a
https://doi.org/10.1063/1.438980
https://doi.org/10.1063/1.438955
https://doi.org/10.1021/ar50107a003
https://doi.org/10.1016/0009-2614(96)00349-1


Molecules 2023, 28, 4929 14 of 14

65. Scalmani, G.; Frisch, M.J.; Mennucci, B.; Tomasi, J.; Cammi, R.; Barone, V. Geometries and properties of excited states in the gas
phase and in solution: Theory and application of a time-dependent density functional theory polarizable continuum model. J.
Chem. Phys. 2006, 124, 094107. [CrossRef] [PubMed]

66. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. GaussView, version 5.0; Gaussian, Inc.: Wallingford, CT, USA, 2016.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1063/1.2173258
https://www.ncbi.nlm.nih.gov/pubmed/16526845

	Introduction 
	Results and Discussions 
	Materials and Methods 
	Conclusions 
	References

