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Abstract: Organic compounds showing circularly polarized
luminescence (CPL) are at the forefront of novel applications
and technologies. Here we show the synthesis and chiroptical
properties of pyrene and perylene derivatives of inexpensive
chiral scaffolds: isomannide and isosorbide. Low-intensity ECD
spectra were obtained, suggesting the absence of chromo-
phore interaction in the ground state, except in the case of
isomannide bis-perylenecarboxylate, whose ECD spectrum
showed a positive exciton couplet. All isomannide derivatives,
with the only exception of the one containing a pyrenecar-
boxylate and a perylenecarboxylate, exhibited excimer CPL

spectra, whereas isosorbide derivatives did not show any CPL.
Isomannide derivatives bearing two pyrenecarboxylate or two
pyrenylacetate groups showed positive CPL emission with
dissymmetry factors up to 10� 2, which depends on the
conformational freedom of the appended units. The CPL sign,
Stokes shift and order of magnitude of dissymmetry factor
were reproduced by excited-state calculations on a represen-
tative compound. Interestingly, the mixed derivative contain-
ing pyrenic units with different spacing from the isomannide
scaffold showed an oppositely signed excimer band with
respect to the homo-substituted derivatives.

Introduction

Circularly polarized luminescence (CPL), defined as the emission
of circularly polarized light with a predominant handedness, is
currently attracting increasing attention. Different applications
regarding CPL emitting materials have been proposed and
developed,[1–6] such as CP-OLEDs,[7–9] spintronic-based devices,[10]

biological probes,[11,12] optical information storage and
processing,[13,14] CPL lasers,[15,16] CPL-based chiroptical
switches,[17] and light-emission systems for asymmetric
photosynthesis.[18] There is therefore a growing interest in
developing new organic molecules able to efficiently emit CPL.
Moreover, to expand the applicability of such systems, it may
be important to design and prepare molecules which can be
easily tuned in terms of CPL sign and intensity and emission
wavelength through chemical synthesis.

In general, the CPL activity may be quantified through the
luminescence dissymmetry factor (glum=2(IL-IR)/(IL + IR), IL and IR
being the left and right circularly polarized component of the
emission), and additionally by the so-called CPL brightness
(BCPL =ɛλ ·Φ · jglum j /2). This quantity, beside glum, considers
emission quantum yield (Φ) and extinction coefficient (ɛλ),

[19]

which are crucial factors in any application of CPL-active
emitting materials.

Among CPL-active organic emitters, chiral systems allowing for
intramolecular excimer formation achieve the highest BCPL

values.[19] In particular, interesting results can be obtained with
perylene and mainly pyrene-based chiral systems. As the electroni-
cally excited dimer, giving rise to excimer emission, exists only in
the excited state, the associated glum is not related to its
absorption counterpart (gabs). This is in contrast with what
observed with most organic molecules where glum correlates with
the gabs of the most red-shifted Cotton effect.[20] Indeed, in most
examples of pyrene-based chiral compounds, glum is one or two
orders of magnitude higher than it would be expected from their
CD spectrum.[21]

In order to fully exploit the advantage brought about by
excimer emission in the context of CPL, carefully selected chiral
scaffolds bearing the fluorophores are essential. Such scaffolds
should maintain the fluorophore units in close proximity to foster
the intramolecular excimer formation and provide the stereo-
chemically ordered arrangement necessary for efficient excimer
CPL. A few examples of significant excimer CPL were obtained by
using as the chiral scaffold oligopeptides[22–26] or nucleic acids,[27]

binaphtyls and derivatives,[28–33] dioxolanes-,[34] tetrathiazole-,[35]

dibenzofuran-,[36] cyclophane-,[37] and phenylene-ethynylene-based
compounds,[38] quinoline oligoamide foldamers[39] and polyether-
like macrcocycles.[40]

From a synthetic point of view, such chiral scaffolds should
have suitable functional groups to be derivatized with the chosen
emitting units. Moreover, it would be advantageous to employ
chiral scaffolds which are inexpensive, readily accessible, and
straightforwardly derivatizable. Starting from these considerations
we reasoned that, in the search of new CPL-emitting excimers,
great advantages could be taken starting from isohexides as the
central chiral scaffolds. Isohexides, namely isomannide (1) and
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isosorbide (2), also known as (3R,3aR,6R,6aR)-hexahydrofuro[3,2-
b]furan-3,6-diol and (3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-
diol (Figure 1), are important by-products of the starch industry,
arising from dehydration of D-mannitol and D-sorbitol.[41]

These commercially available starting materials provide an
easy and inexpensive access to optically pure functionalized
compounds. Indeed, through a simple derivatization of the two
hydroxyl groups, the characteristic chiral cavity of their scaffold
(Figure 1) can be functionalized, thus leading to new compounds,
whose properties depend not only on the nature of the
introduced moieties, but also on the different stereochemistry of
the native hydroxyl groups. Thanks to these characteristics,
isohexides were successfully employed as starting materials in the
preparation of chiral ligands,[42] organocatalysts[43] and chiral ionic
liquids.[44,45] In particular, starting from isomannide, bidentate
ligands[42,46–48] and ionic-liquid molecular tweezers[45,49] were ob-
tained by virtue of the endo arrangement of the hydroxyl groups,
which allows the appended units to be sufficiently close to each
other. However, as we recently demonstrated,[49] the interaction of
two appended moieties was even observed in some isosorbide
derivatives, due to their particular spatial arrangement. This
evidence highlighted the chance to exploit the isohexide chiral
scaffold in the preparation of new emitting molecules displaying
intramolecular excimer CPL (Figure 2). To this goal, derivatives 3a–
b and 4a–b, possessing pyrene as the emitting moiety, were
synthesized, in order to investigate the effect of the different
stereochemical arrangement and conformational freedom on the
emission and CPL properties. We also synthesized derivative 3c
containing two perylene fluorophores to assess the influence of
the emitting moiety on excimer emission. Mixed derivatives 3d-e,
built on the isomannide structure, were also investigated.

Results and Discussion

Synthesis

The preparation of isohexide derivatives bearing two identical
appended moieties was straightforwardly realized by reacting

isomannide 1 (or isosorbide 2) with a slight excess of the
appropriate carboxylic acid in the presence of ethyldimeth-
ylamino carbodiimide (EDC) hydrochloride and dymethylamino-
pyridine (DMAP) for 24 h, under standard reaction conditions
(Scheme 1, A). The diesters 3a–b and 4a–b were obtained in
good yields (ranging from 66 to 81%), after recrystallization of
the crude products. The preparation and isolation of the
perylenic derivative 3c was more problematic, due to its higher
steric hindrance and its low solubility in a great number of
organic solvents.

The mixed derivatives 3d-e were prepared in two steps
(Scheme 1, B). The mono-derivatization of isomannide was
obtained by reacting 1-pyrenecarboxylic acid with a threefold
excess of 1, in order to avoid the formation of the disubstituted
by-product. Under these reaction conditions compound 5a was
obtained in 41% yield, after chromatographic purification. In a
similar manner, monoester derivatives 5b–c were obtained (see
Supporting Information).

The reaction of 5a with an excess of 1-pyrenylacetic acid or
3-perylenecarboxylic acid, under the reaction conditions used
for the preparation of the other diesters, afforded derivatives 3d
and 3e, respectively. In this case too, the yield of the reaction
was affected by the size of the derivatizing acid, being lower
(39%) in the case of derivative 3e, where the bulkier 3-
perylenecarboxylate moiety was introduced. All the derivatives
were fully characterized (see Supporting Information).

Spectroscopic properties

UV-Vis, ECD, fluorescence and CPL spectra of diester derivatives
3, 4 and reference monoesters 5 were recorded in CH2Cl2 as the
solvent with a concentration of ~10� 5 M (see Supporting
Information). Each compound showed different absorption

Figure 1. Isomannide (1) and isosorbide (2).

Figure 2. Structure of the CPL emitting isohexide derivatives. Scheme 1. Syntesis of the CPL emitting isohexide derivatives.
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bands in UV-Vis spectra between 230 and 500 nm, with a molar
extinction coefficient ɛ spanning from 103 to 104 M� 1 cm� 1,
according to the nature of the major chromophore (pyrene or
perylene). Compounds 3b, 4b and 5b showed the typical
absorption pattern of pyrene,[50,51] featuring the 2B3u, 1B2u and
2B2u transitions (1La,

1Bb and 1Ba in Platt’s nomenclature) from
long to short wavelengths, each with pronounced vibronic
structure. Compounds 3a, 4a (Figure 3A) and 5a (Figure S26)
showed a different absorption profile, with a faint and altered
vibronic pattern and an extra band at 386 nm. This latter is not
due to intramolecular interaction between the pyrene rings in
the diesters,[52] as it appears also in the monoester 5a; it can be
assigned to 1B3u transition (1Lb in Platt’s nomenclature) which is
forbidden in pyrene but acquires oscillator strength upon
substitution with the ester moiety at C-1 (see Supporting
Information, Table S7 and Figures S45–S46).[53] Interestingly
enough, the same band is also visible for the “mixed”
compounds 3d and 3e (Figure S24, S25). The perylene deriva-
tives 3c and 5c are characterized by broad absorption bands
devoid of vibronic patterns, different from the parent
perylene.[51,54] This is also due to the substitution with the ester
moiety.

The ECD spectra of compounds 3-5 showed the presence of
several bands (Cotton effects), each in correspondence with an
absorption band. Generally speaking, all ECD spectra are quite
weak, with absolute Δɛ values below 10–20 M� 1 cm� 1 and
corresponding dissymmetry factors gabs below 3 ·10� 4. The ECD
spectra of compounds 3a, 4a, 3b and 4b are reported in
Figure 3 (all other spectra can be found in the Supporting
Information).

A striking evidence from the ECD spectra of diesters 3 and 4
is the absence of exciton-like features, with the only exception
of perylene-derivative 3c.[55–58] Together with the observed low
intensities, this observation suggests that in the ground state
the two aromatic moieties of the diesters lie far apart and/or
adopt a floppy reciprocal arrangement. This evidence was also
confirmed by 1H NMR spectra which do not show significant

chemical shift differences for pyrene signals moving from
monoester 5a to 3a (Figure S34), confirming the lack of pyrene-
pyrene stacking interactions in the ground state. Geometry
optimizations with DFT (density functional theory) method and
ECD calculations with TD-DFT (time dependent DFT) method
were run on 3a, as representative of the series (see Supporting
Information), using Gaussian’16 software.[59] Several functionals
were employed both in the geometry optimizations and in ECD
calculations (B3LYP, B3LYP-D3, BH&HLYP, BH&HLYP-D2). The
calculations did not reproduce the experimental ECD spectra
(Figure S40). The possible reason for this outcome is twofold.
First, the lowest-energy conformers showed a preference for
structures with strongly interacting pyrene rings, by π-π or
C� H-π interaction (Table S1 and Figures S38–S39), while NMR
data suggest a more heterogeneous conformational situation.
Rather than a failure of the DFT method in predicting the
correct ground-state geometry of 3a, we ascribe this result to
an insufficient conformational search procedure; more exhaus-
tive conformational sampling, based for instance on molecular
dynamics, may need to be employed for a better treatment of
3a and related systems, which is beyond the scope of the
present paper. We noticed that when the most stable con-
formers with π-stacked pyrene rings were employed for ECD
calculations, they consistently led to strong exciton-split ECD
spectra with gabs values exceeding 10� 3. This offers an indirect
proof that such stacked conformations are not dominant in the
conditions of measurements of ECD spectra. Another possible
source of error in the present ECD calculations is the well-
known difficulty of TD-DFT in predicting the order of electronic
transitions of pyrene, although the correct order should be
recovered by employing CAM-B3LYP.[51,60,61] To summarize, the
evidence from absorption, ECD and NMR spectra suggests no
stacking interaction between the cis-arranged aromatic rings of
isomannide pyrene diesters in the ground state.

The emission of pyrene-containing derivatives strongly
depends on the stereochemistry of the isohexide scaffold. In
the case of functionalized isosorbide scaffold, where the

Figure 3. UV-Vis (A, B), ECD (E, F), fluorescence (C, D) and CPL (G, H) spectra of compounds 3a (red line; 1.7 · 10� 5 M), 4a (black line; 1.4 · 10� 5 M), 3b (dark green
line; 1.7 · 10� 5 M) and 4b (dark blue line; 1.6 · 10� 5 M) recorded in CH2Cl2 as the solvent (excitation wavelength 365 nm).
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fluorophores adopt an anti geometry, no significant interaction
can occur between the aromatic moieties. Accordingly, the
isosorbide derivative 4a, bearing two pyrenecarboxylate moi-
eties, displays only an emission band associated to monomeric
pyrene (λ=395 and 413 nm). On the other hand, isomannide
provides a scaffold in which the aromatic substituents can
assume a co-facial conformation. Thus, the corresponding
isomannide derivative 3a shows the presence of a broad and
structureless emission band at 502 nm (apparent Stokes shift
116 nm) due to the typical pyrene-pyrene intramolecular
excimer (Figure 3, C).[21] The same trend is observed with
derivatives 3b and 4b, bearing two pyrenylacetate moieties on
the isomannide and isosorbide scaffold respectively. In this
case, fluorescence spectra show the emission bands of the
monomer pyrene and a broad emission band attributable to
excimer emission (λ=477 nm) for 3b (Figure 3, D), while again
compound 4b does not display significant excimer emission. As
expected, CPL measurements reveal intense bands associated
with excimer emission.[21] Both 3a and 3b were characterized by
a positive excimer CPL band with maximum at 500 nm and 475
nm, respectively (Figure 3, G and Figure 3, H). In the case of 3a,
the luminescence dissymmetry factor was 2.4 times higher than
for 3b (glum=9.6 · 10� 3 for 3a and 4.0 · 10� 3 for 3b). This difference
could be ascribed to the presence in 3b of an additional
methylene spacer between the pyrene fluorophore and the
central chiral scaffold, which increases the rotational freedom of
the emitting moieties, as well as the distance between
themselves, thus possibly leading to a looser intramolecular
interaction.

Generally speaking, CPL spectra of organic compounds are
composed of a single band which parallels the lowest-lying ECD
band both in sign and g-factor.[20] Exceptions to this common
rule are observed when the structure of the 1st excited state
differs from that of the ground state, as it has been evidenced
by some theoretical studies.[62,63] In the current case, the excimer
naturally differs significantly from the non-stacked ground state.
This is reflected not only in the tenfold or larger glum with
respect to gabs, but also in the large observed Stokes shift. With
the aim to reproduce the excimer CPL spectrum of 3a, excited
state calculations[64] were run with time-dependent density
functional theory (TD-DFT) using different functionals (B3LYP,
B3LYP-D3, BH&HLYP and BH&HLYP-D2)[65,66] with def2-SVP basis
set in vacuo, using Orca 5.0 software[67–69] (see Supporting
Information). Almost all methods (with the exception of B3LYP)
converged toward a small set of excimer-like structures with
short ring-to-ring distances (<3.5 Å, Table S2 and Figure S41).
One conformation, in particular, was consistently found as by
far the most stable one with the other three functionals. Re-
optimization at BH&HLYP/def2-SVP level including the CPCM
implicit solvent model for dichloromethane yielded the excited-
state structure shown in Figure 4, which features a ring-to-ring
distance of 3.3 Å. Emission/CPL calculations were then run on
this structure with various functionals (B3LYP, BH&HLYP and
CAM-B3LYP), two basis sets (def2-SVP and def2-TZVP) and
CPCM for dichloromethane. The two functionals BH&HLYP and
CAM-B3LYP led, with both basis sets, to similar results
(Table S4): the calculated Stokes shifts were 107–113 nm and

the calculated glum spanned from +3 to +4 ·10� 2. In consid-
eration of the already discussed issues related to TD-DFT
calculations on pyrene, we were satisfied to observe a good
agreement with the corresponding experimental data. As the
excimer structure displayed in Figure 4 leads to calculated data
in line with emission and CPL spectra of 3a, it may be taken as a
good model of the intramolecular excimer. The nature of the
excimer as a combination of 1Lb states was verified by molecular
orbital analysis (Figure S42). Since the excimer state is well-
separated from any other excited state, the common pitfalls
associated with pyrene excited-state ordering by TD-DFT[51,60,61]

seem to be relieved.
The fluorescence spectrum of the mixed diester 3d,

containing both pyrenecarboxylate and pyrenylacetate moieties
on the isomannide scaffold, still showed the characteristic
excimer emission band at 498 nm (Figure 5, left). Much to our
surprise, the CPL band allied with excimer emission (Figure 5,
right) displayed an opposite sign with respect to homo-
substituted derivatives 3a and 3b. This unexpected behaviour is
due to the different conformational space accessible to the

Figure 4. Two viewpoints of the first excited-state geometry of compound
3a optimized at BH&HLYP/def2-SVP/CPCM level. The pyrene rings are
depicted with different blue hues and their hydrogen atoms are removed for
clarity.

Figure 5. Fluorescence spectra (left side) and CPL spectra (right side) of
compound 3d (1.5 · 10� 5 M in CH2Cl2, excitation wavelength 365 nm).
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hetero-substituted 3d compound, which leads to an opposite
chirality excimer state.[70]

The glum for 3d is similar in absolute value to the one
obtained for 3b (glum= � 4.0 · 10� 3). Even in this case, no
interaction between the two chromophores could be observed
in the ground state, neither in ECD nor in 1H NMR spectra (see
Figure S24). Probably due to the increased conformational
complexity, the computational procedure employed for 3a
failed to capture an adequate excimer structure for 3d (see
Supporting Information).

Beside pyrene, perylene moieties and their derivatives can
give rise to excimer emission, and associated CPL in suitable chiral
environments.[21] Indeed, moving to compound 3c, containing two
3-perylenecarboxylate units mounted on isomannide scaffold, the
excimer emission was still present. In particular, it could be
identified in the fluorescence spectrum, where a large and tailed
band at 525 nm is observed (Figure 6, left). This band partially
overlaps with the emission of non-interacting perylene units, as it
could be verified taking into account the fluorescence spectra of
the corresponding monoester 5c (Figure S32). The excimer
emission is associated to a positive CPL band, with a glum=

2.8 ·10� 3, 3.4 times smaller and red-shifted with respect the one
recorded for the pyrene analogous 3a. It is worth mentioning that
for derivative 3c, a stacking interaction between the two perylene
units in the ground state could be assumed. Indeed this derivative
showed an exciton couplet in ECD spectrum centred at 440 nm
(Figure S23) and even a significant shift of aromatic proton signals
was observed in its 1H NMR spectrum, with respect to monoester
5c (Figure S37).

Finally, the mixed derivative 3e, containing both 1-pyrene
carboxylate and 3-perylene carboxylate units mounted on
isomannide scaffold, was studied. Upon excitation at 365 nm,
emission and CPL spectra showed only the presence of perylene
emission between 400 and 700 nm (λmax =493 and 516 nm). This
is due to the presence of Forster resonance energy transfer (FRET)
effect from pyrene to perylene.[70] On the other hand, no
significant CPL signal (Figure S29) associated to the formation of
an excited-state dimer (exciplex, in this case) was observed
(Figure S33).[70]

In general, thanks to the presence of excimer emission, all the
CPL emitting compounds displayed a glum factor higher than the
gabs values measured for red-shifted transitions. In the case of
pyrene-derivatives, the gabs is in the order of 10� 4 for both the
forbidden S0!S1 (where observed) and S0!S2 transition, that is

20–50 times lower than glum. This is in line with what generally
observed in the case of CPL associated to pyrene intramolecular
excimers.[19,21] It is noteworthy that a substantial conformational
rearrangement is observed when passing from the ground state S0

to the first (emissive) excited state S1. In the ground state, the
pyrene moieties in the diesters 3a,b,d lie far apart, and non-
stacked geometries are favoured retaining large flexibility. In the
first excited state, intramolecular excimers are prevalently (if not
exclusively) obtained, with π-stacked aromatic rings.

Conclusion

In conclusion, we have demonstrated that inexpensive com-
pounds, coming from renewable resources, isomannide and
isosorbide, can be successfully derivatized with pyrene and
perylene moieties. These compounds show interesting
(chiro)optical properties. In particular, their CPL can be tuned
by choosing the scaffold, the aromatic moiety and the spacer.
The possibility to tune CPL emission, and especially to invert
the preferential circular polarization of the emitted light, makes
isomannide-pyrene derivatives 3a–b and 3d very interesting for
further applications, since such derivatives can be easily
obtained starting from the same inexpensive chiral scaffold.

The straightforward synthetic approach, requiring one or
two synthetic steps, resulted in a simple and economical
protocol for obtaining new CPL emitting materials, starting
from widely available chiral scaffolds. TD-DFT calculations were
able to reproduce, for the representative pyrene derivative 3a,
the main quantities of CPL spectra, namely the sign, Stokes shift
and the order of magnitude of the dissymmetry factor.

Experimental Section
Experimental procedures, computational details and NMR, UV-Vis,
ECD, fluorescence, CPL spectra are reported in the Supporting
Information.
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