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A B S T R A C T

Different structures and different Ag+-response behaviors of a pair of pyrene-based S-containing atropisomers,
namely s-BSPPy and a-BSPPy, have been investigated. The calculated high rotation barrier indicates that the
two atropisomers are non-interconvertible. In polar solvents, s-BSPPy exhibits excimer emission but a-BSPPy
does not. Based on the X-ray structures and the DFT calculated intermolecular interactions, the excimer of s-
BSPPy is suggested to take a non-parallel edge-to-face λ-shaped geometry. Especially, s-BSPPy exhibits ratio-
metric excimer-off and monomer-on emission as a unique response to Ag+ in solutions, while no ratiometric
Ag+-response was observed for a-BSPPy.

Pyrene compounds are well-known polyaromatic organic species,
which acquired wide applications for years [1–6]. The planar pyrene is
an excellent fluorephore and the best-known example of excimer
emission. The term excimer is an abbreviation for an excited-state
dimer, which came into being soon after the early study of the broad
long-wavelength emission of pyrene in concentrated solution [1].
Among various applications of excimer emission, the monomer-excimer
switching properties of pyrene compounds can be used as sensitive

ratiometric fluorescent chemosensors for metal ions [7–12] and anions
[13–15].

The title two pyrene-based S-containing atropisomers are syn-4,5-bis
(2-methylthio)phenyl-pyrene (s-BSPPy) and anti-4,5-bis(2-methylthio)
phenyl-pyrene (a-BSPPy) (see Scheme 1), which have been briefly re-
ported as the intermediates for synthesizing heterocycle-fused pyrene
derivatives in the recent work of our group [6]. Atropisomers, com-
monly known as stable rotamers, are a family of stereoisomers that
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arise from hindered rotation about a single bond, where the rotation
energy barrier is high enough to prevent interconversion from one
conformer to another and therefore individual conformers can be iso-
lated [16]. Various enantioseparation techniques have to be developed
to separate atropisomers [17,18], while s-BSPPy and a-BSPPy can be
separated by simple silica gel chromatography (see Fig. S1 in Supple-
mentary Information (SI)). The X-ray structural analyses confirmed that
the two S-methyl groups are on the same side of the pyrene plane for s-
BSPPy (syn-isomer, see Fig. 1), but on the opposite side of the pyrene
plane for a-BSPPy (anti-isomer, see Fig. 1). Herein, we mainly report
the different excimer-monomer emission properties and the Ag+-re-
sponse behaviors of s-BSPPy and a-BSPPy.

The synthetic route for s-BSPPy and a-BSPPy is shown in Scheme 1
(see SI for detailed syntheses). IR spectra were recorded with KBr pel-
lets on a Thermo Nicolet Avatar 370 FTIR spectrometer. UV–vis ab-
sorption spectra were obtained with a Shimadzu UV-2550 spectro-
photometer. Fluorescence spectra were recorded on an Edinburgh
FLS920 fluorescence spectrometer. The quantum chemistry calcula-
tions, including the geometric optimizations, energies, vibration fre-
quencies, dipole moments, and the electronic transfer integrals, were
carried out within the framework of DFT/B3LYP/6-311 g(d) by using
Gaussian 09 programs [19].

Single crystals of s-BSPPy and a-BSPPy were grown from their
petroleum ether/DCM solutions and their X-ray diffraction data were
collected by a Bruker APEX-II diffractometer (Mo-Kα radiation) at
100 K. The structures were resolved and refined by the APEX-II and
SHELXL-2014 programs. All the atomic ellipsoids of the X-ray mole-
cular structures (in Figs. 1 and 4) were drawn at the 50% probability
level.

s-BSPPy crystal belongs to P21/c space group; a, b, c=8.9475(4),
9.6550(5), 25.1433(13) Å; β=92.6613(9)°; V=2169.74(19) Å3;
ρ=1.367 g/cm3; M.P.= 270–271 °C. The refinement converged to:

R1= 0.0328. a-BSPPy crystal belongs to P21/n space group; a, b,
c=12.1277(3), 15.7933(4), 12.2777(3) Å; β=106.9550(10)°;
V=2249.41(10) Å3; ρ=1.319 g/cm3; M.P. = 227–228 °C. The re-
finement converged to: R1= 0.0389. The detailed crystalline and re-
fraction data can be found in Table S1 in SI.

The geometry of a-BSPPy can be optimized to the C2 point group,
while the proximately Cs symmetric s-BSPPy strictly belongs to the C1

point group. The calculated total energy of a-BSPPymolecule is slightly
(0.132 eV) lower than that of s-BSPPy (shown in Fig. 1), however s-
BSPPy crystal is more stable for its more tightly packing (higher den-
sity) and higher melting point.

Many simple methods can differentiate s-BSPPy and a-BSPPy, such
as NMR (Fig. S2 in SI), IR (Fig. S3 in SI), and thin layer chromatography
(Fig. S1 in SI). The calculated dipole moment of a-BSPPy (2.14 Debye)
is smaller than that of s-BSPPy (2.54 Debye), which is consistent with
their chromatographic sequence (see Fig. S1). As shown in the IR
spectra in Fig. S3, the characteristic peak at 864 cm−1 of s-BSPPy is
strong while that of a-BSPPy is very weak. This peak can be assigned to
the out-of-plane CeH bending vibration of the phenyl group (see Fig. S4
in SI).

As shown in Fig. 1, the height of the calculated rotation barrier
(rotating around the C6eC24 bond to transform s-BSPPy to a-BSPPy) is
38.8 kcalth/mol, which is two orders of magnitude higher than the
thermal energy kBT=0.596 kcalth/mol at 300 K. The main hindrance
from rotation may be the intense S2…H8 (2.312 Å) steric repulsion at
the transition state (see the inset of Fig. 1), which makes the pyrene
plane slightly curved. The high rotation barrier can well interpret the
fact that both atropisomers s-BSPPy and a-BSPPy are conformational
stable and no trace of interconversion was observed after refluxing in
toluene for 24 h.

The absorption spectra (shown in Fig. S5) of s-BSPPy and a-BSPPy
are quite similar with actually the same peak wavelengths, while the

Scheme 1. Synthesis route for s-BSPPy and a-BSPPy.

s-BSPPy a-BSPPy

Fig. 1. The potential energy curve for series of relaxed conformations transforming from s-BSPPy to a-BSPPy, calculated by series of optimizations with series of the
C7-C6-C24-C29 dihedral angles being “frozen” in every course of optimization. The energy of the transition state is 38.8 kcalth/mol higher than that of s-BSPPy.

Y.-y. Jin et al. Inorganic Chemistry Communications 100 (2019) 129–133

130



molar absorption coefficient (ε) of s-BSPPy is larger than that of a-
BSPPy in both DCM and MeCN.

As shown in Fig. 2a, s-BSPPy shows a monomeric emission char-
acterized by the longest peak wavelength at 398 nm in n-hexane, which
is similar to that of a-BSPPy (397 nm in n-hexane). In polar solvents, a
new broad peak at longer wavelength, 503 nm in DCM and red-shifted
to 531 nm in MeCN, appears in the emission spectra of s-BSPPy, which
is the feature of the excimer emission (Fig. 2a). However, no excimer-
emission of a-BSPPy was observed in the same solvents (see Fig. 2b).

The concentration-dependent fluorescence spectra of s-BSPPy and
a-BSPPy in DCM are shown in Fig. 3. The ratio of I503/I400 increases
with increasing the concentration of s-BSPPy (Fig. 3a), indicating that
the excimer of s-BSPPy is intermolecular type, not intramolecular kind.
Meanwhile no excimer emission of a-BSPPy can be observed at any
concentration (Fig. 3b).

To figure out the excimer model of the s-BSPPy, the intermolecular
interactions between two neighboring molecules (two-molecule pair)
are considered and can be scaled by the electronic transfer integral, t, of
the concerned molecular pair. The t value can be approached by fol-
lowing Eq. [20].

t E E1
2

( )HOMO HOMO 1= (1)

where EHOMO and EHOMO-1 are the energy levels of the HOMO and
HOMO-1 of a two-molecule pair, respectively. All the geometries of the
concerned molecular pairs for the t-calculations are based on the X-ray
structures without optimization.

As shown in Fig. 4a, there are four molecules (II, III, IV, V) [I: (x, y,
z); II: (1-x, 0.5+ y, 1.5-z); III: (1-x, −0.5+ y, 1.5-z); IV: (1-x, 1-y, 1-z);
V: (1-x, −y, 1-z)] around the central molecule I in s-BSPPy crystal. The
calculated t values, corresponding to molecular pairs (I–II), (I–III),
(I–IV), and (I–V) show a sequence of

t t t t(3. 5 meV), (21 meV) (67 meV) (68 meV).I,V I,IV I,III I,II< <

The tI, IV and tI,V are trivial and there are no short contacts between
the two pyrene moieties of the I–IV or I–V pairs, though there is a short
S2…S2(IV) contact of 3.2595(4) Å between I and IV and a weak hy-
drogen bond of C27-H27…S1(V) (see Table S3 in SI) between I and V.
Thus the possibility of molecular pairs (I–IV) or (I–V) being the excimer
can be excluded. The dimer of (I–II) or (I–III) takes a kind of edge-to-
face λ-shaped conformation and may play the role of excimer, for the
tI,II and tI,III values are considerable large. The large t value of the I–II or
I–III can be attributed to the C-H…π (II or III) as well as the C-H…C (II
or III) interactions (listed in Table S3 in SI). Taking the I-II pair for
example, the distances of H12 and H13 to the pyrene plane of II are
2.660(16) and 2.672(17) Å respectively, much shorter than the van der
Waals H…π distance of 3.0 Å. The molecules I and II (I and III as well)
are non-parallel oriented with a dihedral angle of 56.5° between their
two pyrene planes (see Fig. 4b). By the C-H…π and C-H…C interac-
tions, a kind of one dimensional zigzag chain has been constructed
along the b-axis direction, in which the adjacent two molecules of the λ-
shaped edge-to-face pair are related each other by 21 screw operation
(see Fig. 4b).

It is well-established that the excited-state dimer (excimer) of the
pyrene compounds commonly takes a parallel face-to-face π…π geo-
metry. Recently, the non-parallel T-shaped excimer [21] and the tilt-
slide-shaped excimer [22] of anthracene compounds have been re-
ported. A tweezer type of pyrene compound, with its two pyrene sub-
units being non-parallel oriented, has been reported to display in-
tramolecular excimer emission [23]. Pyrene derivatives with non-
parallel “herringbone” packing style have also been reported to exhibit
intermolecular “excimer-like” emission [24]. These examples provided,
to a certain extent, some supports to the supposed non-parallel edge-to-
face λ-shaped conformation of the s-BSPPy excimer.

In recent years, chelatable-S-containing sensors have been designed
to detect various metal ions, such as Ni2+ [25], Hg2+ [26], Ag+ [26].
Now that there are two chelatable S atoms in s-BSPPy, the selective

(a)                                         (b)

Fig. 2. Normalized fluorescence spectra
(λex= 345 nm, c=28 μM) of (a) s-BSPPy and (b) a-
BSPPy in various solvents. For s-BSPPy, the ratios
(Iexcimer/Imonomer) in DCM (I503/I400), THF (I503/I399),
EtOH (I512/I400), MeCN (I531/I400) are 0.97, 0.63,
0.49, 0.65, respectively. Emission quantum yields of
s-BSPPy and a-BSPPy were determined to be 0.3%
and 2.6%, respectively, in EtOH using anthracene
(Φ =28%) as reference.

(a) (b)

Fig. 3. Fluorescence spectra (λex= 345 nm) of (a) s-BSPPy and (b) a-BSPPy in various concentrations in DCM. For s-BSPPy, the ratios (I503/I400) in concentration of
50, 25, 13, 6.3, 3.1, 1.6, 0.78, 0.39 μM are 1.06, 1.01, 0.73, 0.68, 0.51, 0.46, 0.38, 0.25, respectively.
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fluoroionophoric behavior of s-BSPPy to various cations has been in-
vestigated. As presented in Fig. 5a, 2.1 equiv AgNO3 completely
quenched the excimer emission and greatly enhanced the monomer
emission of s-BSPPy in DCM solution, while no significant fluorescence
changes can be observed upon adding same amounts of other metal ions
(Fig. 5c). For a-BSPPy, only a moderate reduction of the monomer
emission has been observed, which was uniquely induced by Ag+ (see
Fig. 5b and d). In comparison with a-BSPPy, the Ag+-response of s-
BSPPy is more interesting because of its remarkable ratiometric ex-
cimer-to-monomer emission [27,28].

As shown in Fig. 6a, the fluorescence titration spectra of s-BSPPy
with Ag+ exhibits a stepwise decrease of the excimer emission (turn-
off) and a concomitant enhancement of the monomer emission (turn-
on) with an isoemission point at 438 nm. This off-and-on evolution of

the titration spectra tends to saturation when the Ag+ amounted to 2.1
equiv. In the course of titration, the ratio of emission intensities (I503/
I400) underwent a dramatic change from 0.96 to 0.067, demonstrating
the potential application of s-BSPPy as a ratiometric chemosensor for
Ag+.

In addition, competition experiment was performed to check the
Ag+-selectivity of s-BSPPy in the presence of Ag+ and other metal ions
(Fig. 6b). The addition of other competition ions to the s-BSPPy/DCM
solution did not make obvious changes to the emission spectra. Upon
further adding Ag+ to the above s-BSPPy+M2+/DCM system, great
changes of the I503/I400 ratio took place. Therefore, s-BSPPy may be
used as a Ag+-selective chemodosimeter. The excimer-emission-off and
monomer-emission-on behavior of s-BSPPy in the presence of Ag+ can
be attributed to the chelation of the S atoms to the Ag+ ion.

(a) (b)

Fig. 4. X-ray structure (T=100 K) of single-crystal s-BSPPy. (a) A view along the a-axis, showing the central molecule (I) and its adjacent molecules (II, III, IV, V)
with the t values being indicated. (b) The 1-D chain along the b-axis with a dihedral angle between the two mean planes of the two pyrene moieties being indicated.

(a) (b)

(c) (d)

Fig. 5. (a) (b) Fluorescence spectra of s-BSPPy and
a-BSPPy (λex= 345 nm) in DCM upon addition of
2.1 equiv. of CuCl2 or AgNO3 (15mM in 10 μL EtOH,
respectively). (c) Metal ions (chlorizated salts of
Sr2+, Co2+, Ni2+, Hg2+, Cu2+; acetate salts of Zn2+,
Cd2+; nitrate salts of Mg2+, Ca2+, Ag+) selectivity of
s-BSPPy in 27 μM DCM solutions. The emission in-
tensity ratios (I503/I400) of s-BSPPy+Mn+/DCM
solutions are 0.97(Sr2+), 0.96(Co2+), 1.04(Ni2+),
1.08(Hg2+), 1.53(Cu2+), 0.94(Zn2+), 0.96(Cd2+),
0.78(Mg2+), 0.92(Ca2+), 0.067(Ag+). (d) Metal ions
selectivity of a-BSPPy in 28 μM DCM. I0 and I denote
the fluorescence intensity of a-BSPPy and a-
BSPPy+Mn+ at 398 nm.
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In summary, the monomer-excimer emission properties of the s-
BSPPy and a-BSPPy atropisomers have been carefully investigated. In
comparison with a-BSPPy, s-BSPPy features non-parallel λ-shaped
geometry of the excimer and exhibits interesting emission properties,
such as (1) monomer-excimer emission in polar solvents; (2) the unique
ratiometric Ag+ response of the on-and-off kind of the monomer-and-
excimer emission. To our knowledge, the monomer-excimer emission
properties of the pyrene derivatives, which are originated from the λ-
shaped intermolecular-dimer and can be regulated by Ag+ ion, have
not been previously reported.
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Appendix A. Supplementary material

Cambridge Crystallographic Data Centre (CCDC) contain the crys-
tallographic information files (CIF) for this paper, numbered 1,564,521
(s-BSPPy at 100 K), 1,564,533 (a-BSPPy at 100 K). These data can be
obtained free of charge from CCDC via www.ccdc.cam.ac.uk/data_
request/cif. The experimental details, Figures of thin-layer chromato-
gram, 1H NMR spectra, IR spectra, Tables of X-ray crystallography data,
and the UV–vis absorption spectra can be found in the SI.
Supplementary material to this article can be found online at https://
doi.org/10.1016/j.inoche.2018.12.021.
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