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A new chiroptical compound, (E)-(Rp,Rp)-1,2-bis{4-methyl-[2]paracyclo[2](5,8)quinolinophan-2-yl}ethene
(trans-RPQE) has been synthesized, and its photoresponse has been investigated through steady state and
time-resolved absorption and emission spectroscopies and theoretical calculations. To elucidate the relaxation
mechanism of trans-RPQE after photoexcitation, the photophysics of the 2,4-dimethyl-[2]paracyclo[2](5,8)-
quinolinophane chromophore has also been studied. The quantum yields of the different relaxation paths for
trans-RPQE have been determined. It emerges that in addition to thermal and radiative routes, trans-RPQE
also photoisomerizes with a quantum yield of 8%. Trans- and cis-RPQE isomers are pseudoenantiomers
exhibiting appreciably different CD spectra, whereby RPQE can be a model for the design of new promising
chiroptical photoswitches.

1. Introduction

Photoisomerization around a CdC double bond in olefinic
molecules is conceived as one of the most fundamental reactions
in photochemistry, and it has long been studied.1 Recently,
renewed interest has been spurred by the development of
nanotechnology. In fact, every photoreactive olefin constitutes
a molecular machine and a molecular processor; photoinduced
cis-trans isomerization is one of the simplest means of con-
verting light into mechanical motion on the angstrom scale, and
it is a way of processing and storing binary information.2,3 Chiral
photoresponsive alkenes have been attracting pronounced inter-
est since they are asymmetric molecular motors that can
influence organization at the supramolecular level, as has been
demonstrated for azobenzene derivatives.4,5 As chiroptical
switches, a nondestructive readout is feasible by monitoring the
optical rotation at wavelengths remote from the wavelengths
used for switching.6 Chiral switching systems based on the CdC
photoisomerization can exist both as enantiomeric photobistable
molecules, such as axially chiral aryl-methylene cycloalkanes7

and helically shaped inherently dissymmetric overcrowded
alkenes,8 and as pseudoenantiomers; that is, diastereoisomers
that show close resemblance and exhibit opposite mirror-image
chiral properties, such as some sterically overcrowded alkenes,
consisting of an asymmetrical upper part connected via a double
bond to a symmetric lower part9 or some stilbenophanes.10

In this work, we present the photobehavior of a newly syn-
thesized chiral 1,2-disubstituted ethylene, (E)-(Rp,Rp)-1,2-bis-
{4-methyl-[2]paracyclo[2](5,8)quinolinophan-2-yl}ethene, here-
inafter indicated as trans-RPQE (Scheme 1).

In this compound, the CdC double bond bridges two
equivalent 2,4-dimethyl-[2]paracyclo[2](5,8)quinolinophanes.
Substituted cyclophanes are drawing much attention because
of their planar chirality, which is known to behave quite
differently from conventional point chirality in asymmetric

reactions, catalysis and host-guest interactions.11 In trans-
RPQE, the two quinolinophane moieties confer planar chirality
to the overall molecule, and the trans and cis isomers, under
which the compound can exist, are switchable pseudoenanti-
omers. Below, we present experimental and theoretical data
shedding light on the photophysical and photochemical proper-
ties of trans-RPQE. Some data regarding the photophysics of
2,4-dimethyl-[2]paracyclo[2](5,8)quinolinophane chromophore
(named as RPQ) are reported to elucidate the photobehavior of
trans-RPQE.

2. Experimental Section

If not specified otherwise, 1H NMR and 13C NMR spectra
were recorded at 400 and 100 MHz, respectively, in CDCl3

solution using tetramethylsilane as an internal standard. IR
spectra were recorded in a FT-IR instrument in CHCl3 solution
in the 4000-400 cm-1 range. Optical activity was measured at
20 °C in CHCl3 solution. UV/vis absorption measurements were
performed on a Perkin-Elmer Lambda 800 spectrophotometer.
Circular dichroism absorption spectra were recorded on a Jasco
J810 instrument.

2.1. Reagents and Solvents. 2,4-Dimethyl[2]paracyclo[2]-
(5,8)quinolinophane (RPQ) and 4-methyl-[2]paracyclo[2](5,8)-
quinolinophane-2-carbaldehyde were available from previous
works.12 All the other reagents for the synthesis of trans-RPQE
were commercial products, and they were used without further
purification. Both tetrahydrofuran and diethyl ether were distilled
from KOH pellets in the presence of CuCl and redistilled from
sodium wire in the presence of the violet-blue benzophenone
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SCHEME 1: Structure of trans-RPQE
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sodium ketyl. Acetonitrile (g99.9%, spectrophotometer grade)
and chloroform, for the investigation of spectral properties and
the photobehavior of RPQE and RPQ, were used as received.

2.2. Synthesis. (E)-(Rp,Rp)-1,2-Bis{4-methyl-[2]paracyclo-
[2](5,8)quinolinophan-2-yl}ethene (trans-RPQE). Butyllithium
(BuLi, 1.70 M in hexanes, 1.41 mL, 2.4 mmol) was added to a
solution of (R)-2,4-dimethyl[2]paracyclo[2](5,8)quinolinophane
(0.62 g, 2.2 mmol) in anhydrous diethyl ether (Et2O, 20 mL),
at 0 °C under nitrogen atmosphere and under stirring. The cold
bath was removed, and the mixture was allowed to react 1 h at
20 °C. After cooling at -50 °C, a solution of (R)-4-methyl-
[2]paracyclo[2](5,8)quinolinophane-2-carbaldehyde (0.65 g, 2.2
mmol) in diethyl ether (3 mL) was added, and the mixture was
stirred for 15 min. Then the temperature was allowed to rise to
20 °C, and water (30 mL) was added. The organic phase was
separated, the aqueous phase was extracted again with CH2Cl2

(3 × 20 mL), and the collected organic phases were dried with
Na2SO4. After solvent evaporation at reduced pressure, chro-
matography of the crude product on silica gel (eluent, 8:2
petroleum ether/diethyl ether) allowed recovery of unreacted
starting materials (50 mg) and a yellow amorphous solid (1.15
g). The latter was dissolved in acetic acid (120 mL), p-
toluensulfonic acid (TsOH, 0.5 g) was added, and the mixture
was refluxed for 18 h. After the solvent was evaporated at
reduced pressure, 10% aqueous NaOH (20 mL) was added to
the residue, and the mixture was extracted with CH2Cl2 (3 ×
60 mL). The collected organic phases were dried with Na2SO4,
and the solvent was evaporated at reduced pressure. Chroma-
tography of the crude on silica gel (eluent, 9:1 hexane/diethyl
ether) allowed a white amorphous solid to be recovered.
Recrystallization from hexane/ethyl acetate mixtures gave 0.68 g
(61%) white, flat crystals of a product, which was identified as
the expected alkene trans-RPQE on the basis of the following
spectroscopic and analytical characteristics: mp 168-170 °C
(dec). [R]D

20 ) -157 (0.32, CHCl3). 1H NMR: δ 7.98 (s, 1 H),
7.49 (s, 1 H), 6.93-6.79 (four peaks, AB system, JAB ) 7.2
Hz, 2 H), 6.55-6.51 (tight AB system, JAB ) 8.2 Hz, 2 H),
5.87 (d, J ) 7.6 Hz, 1 H), 5.59 (d, J ) 7.6 Hz, 1 H), 4.51
(broad t, J ) 10.7 Hz), 3.88 (dd, J ) 13.9 and 9.1 Hz, 1 H),
3.28-3.00 (m, 5 H), 2.78 (s, 3 H), 2.69-2.59 (m, 1 H). 13C
NMR: δ 152.2, 150.5, 143.2, 139.9, 139.8, 137.9, 136.9, 133.9,
133.3, 132.6, 132.5, 131.1, 129.7, 128.6, 128.6, 122.1, 37.7,
35.3, 34.7, 32.1, 22.9. IR (CHCl3): νmax 2929, 1587, 1440, 750
cm-1. Anal. Calcd. for C42H38N2: C, 88.38; H, 6.71; N, 4.91.
Found: C, 88.26; H, 6.67; N, 4.78.

2.3. Photophysical and Photochemical Experiments. Cor-
rected emission spectra were recorded using a Spex Fluorolog-
21680/1 spectrofluorometer, controlled by Spex DM 3000F
spectroscopy software. For fluorescence quantum yield mea-
surements, the absorbances at the excitation wavelengths were
kept below 0.1. Anthracene in ethanol (ΦF ) 0.27) was used
as standard.13

The fluorescence lifetimes were measured with a time-
correlated single-photon counting fluorometer (Edinburgh In-
struments 199S) using a N2 lamp as irradiation source.

For time-resolved laser flash photolysis measurements on the
nanosecond time scale, the third harmonic (λexc ) 355 nm) of
the output from a Continuum Surelite Nd:YAG laser of energy
less than 5 mJ per pulse and about 10 ns time resolution was
used. Q-switch delays were used to reduce the laser intensity.
Spectrophotometric analysis was performed by using a 150 W
xenon source, a Baird-Tatlock monochromator blazed at 500
nm, a Hamamatsu R928 photomultiplier, and a Tektronix DSA

602 digital analyzer. The data were processed by a Tektronix
PEP 301 computer.

The product ΦT × εT for trans-RPQE (where ΦT and εT are
the triplet quantum yield and the molar absorbance coefficient,
respectively) was determined by calibrating the experimental
setup with optically matched solutions of benzophenone in
benzene (ΦT × εT ) 7200 dm3 mol-1 cm-1 at 520 nm) or in
acetonitrile (ΦT × εT ) 6500 M-1 cm-1 at 520 nm).14

The triplet quantum yield of trans-RPQE in benzene was
measured by comparing the changes in absorbance of �-carotene
triplet sensitized by energy transfer from the substrate and that
sensitized by benzophenone, used as a standard (ΦT ) 1), under
the same experimental conditions (absorbance at 355 nm and
�-carotene concentration). More details about the method of
triplet quantum yield determinations are reported in the litera-
ture.15

The experimental instrumentation and data processing for
femtosecond time-resolved transient absorption spectroscopy
have been described in detail in previous papers.16,17 Tunable
excitation pulses are obtained by means of a BBO-based optical
parametric generator (OPG) pumped at 1 kHz repetition rate
by pulses from an amplified Ti:sapphire laser system (duration
∼100 fs at 800 nm, energy 700 µJ/pulse). The wavelength of
372 nm (with average powers of roughly 1 mW) used to excite
the trans-RPQE was obtained as the fourth harmonic of the OPG
signal at 1.5 µm. A white-light continuum pulse (350-700 nm)
was split into two parts of equal intensity by a 50/50 fused-
silica-Al beam splitter. One part, acting as a probe beam, was
spatially overlapped with the excitation beam inside the sample.
The second part crossed the sample in a different position and
provided a convenient reference signal. The probe and reference
beams were spectrally dispersed in a flat-field 25 cm Czerny-
Turner spectrometer and detected by means of a back-il-
luminated CCD.

Two different configurations of the detection system were
utilized to obtain the data sets herein presented, which are
composed of both transient spectra (transmittance of the excited
state vs wavelength at a given pump-probe delay time) and
kinetic plots (intensity of the probe vs delay time at a fixed
wavelength).

Recording kinetic plots requires narrow bandwidth detection.16

The desired wavelengths were selected with 5 nm bandwidth
variable interference filter. The intensity of the probe pulse was
measured by means of a silicon difference photodiode and a
lock-in amplifier synchronized to a chopper, switching the pump
pulse on and off at half the repetition rate of the laser system
(500 Hz). In this way, the output of the phase-locked amplifier
provided the modulation of the probe pulse intensity due to the
interaction with the pump pulse. The instrumental function
defined as the cross-correlation between the pump and probe
pulses measured in the pure solvent by detecting the heterodyned
Kerr signal16 is almost Gaussian, and its time duration is 200
( 20 fs (fwhm).

In all the experiments, the relative pump-probe polarization
was set to the magic angle (54.7°) to discriminate transient
absorption signals against those due to orientational dynamics.

The sample solutions flew through a 1 mm thick calcium
fluoride cell connected to a solution reservoir and a pump
system. All the samples were dissolved in acetonitrile to obtain
an optical density of about 1 at the excitation wavelength.
Steady-state absorption spectra of the solutions were measured
before and after the experiments to check for possible sample
decomposition. All measurements were carried out at room
temperature (∼22°). Several short exposure time experiments
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were carried out to prevent any sample degradation. The
presented spectra are obtained as the average of at least five
different acquisitions.

For photochemical measurements, a 150 W high-pressure Xe
lamp coupled with a monochromator was used. The photore-
action of trans-RPQE was monitored by absorption spectrometry
through a Perkin-Elmer Lambda 800 spectrophotometer and by
HPLC through a Waters 600 chromatograph coupled with an
HP 3390A integrator and spectrophotometric detection. The
column was a Phenomenex 5u C18 (300A, 250 × 4.60 mm, 5
µm) for analytical purpose, s and a 90/10 acetonitrile/water
mixture was used as the eluent. A ferrioxalate actinometer was
used for the measurements of photoisomerization quantum yield.

2.4. Calculations. The screening for the most stable con-
formations of trans- and cis-RPQE isomers was performed
through the semiempirical PM3 method. To determine the nature
of the optically active electronic transitions responsible for the
bands’ appearing in the absorption spectra of trans-RPQE and
RPQ, semiempirical ZINDO/S18 calculations were carried out
on the geometries optmizied by PM3 method for the electronic
ground states. The HyperChem program was used for all the
calculations.

3. Results and Discussion

3.1. Synthesis. Trans-RPQE was prepared with a yield of
61% by condensation of (Rp)-2-lithiomethyl-4-methyl-[2]paracy-
clo[2](5,8)quinolinophane12 with (Rp)-4-methyl-[2]paracy-
clo[2](5,8)quinolinophane-2-carbaldehyde, followed by acid-
catalyzed dehydratation of the resulting alcohol (Scheme 2).

Like in [2.2]paracyclophane (PCP), repulsive interactions
makethefacedhomocyclicringof[2]paracyclo[2](5,8)quinolinophane
moiety bent and boat-shaped. Because of a reduced inter-ring
repulsion due to the electron-drawing effect of the adjacent
pyridine ring, most probably, the distance between the overlap-
ping benzene ring planes, defined by the four carbon atoms not
connected to the bridging methylene carbon atoms, is shorter
than the respective distance in PCP (3.099 Å).19 For the same
reason, the out-of-plane deformation of the two-faced aromatic
rings should be lower than in PCP (12.6°) and should also be
different for the two rings.

Trans-RPQE can exist as a large ensemble of conformational
isomers by virtue of the free rotation of the [2]paracyclo[2](5,8)-
quinolinophane moieties around their quasi-single C-C bonds.20

However, the three most stable rotamers are s-trans, s-trans (At),
s-trans, s-cis (Bt) and s-cis, s-cis (Ct), (see Figure 1). Their
structures have been optimized by the PM3 method. From their
energies and statistical weights calculated at 298 K (reported
in Table 1), it results that At is the most stable and abundant
rotamer for trans-RPQE.

The 1H NMR spectrum of trans-RPQE confirms the theoreti-
cal prediction. In fact, the ethylenic protons (HE) give rise to a
singlet at δ 7.98 ppm. This excludes confomer Bt, since its
structure entails two chemically unequal ethylenic protons that
should exhibit distinct signals. According to PM3 calculations,
the HE-H3 distance should be 2.24 Å in conformation At and
2.40 Å in conformation Ct. Since proton HE at δ 7.98 exhibits
a low-intensity NOE contact with the H3 proton at δ 7.49, a
distance of 2.23 Å between HE-H3 has been calculated,21 which
provides additional evidence in favor of At conformation as the
main, if not exclusive, conformation of (E)-(Rp,Rp)-1,2-bis{4-
methyl-[2]paracyclo[2](5,8)quinolinophan-2-yl}ethene.

3.2. Steady-State Absorption and Luminescence Proper-
ties. Trans-RPQE consists of two kinds of chromophores: an
ethylene group bridging two equivalent 4-methyl-[2]paracyclo-

[2](5,8)quinolinophanes. In these chromophores, the facing
benzene rings are puckered, since the carbon atoms of the rings
bearing the methylene bridges are bent out of the plane of the
other sets of four carbon atoms. The planes defined by the two
sets of four carbon atoms are separated by a distance shorter

SCHEME 2: Synthesis of trans-RPQEa

a PCC is pyridinium dichromate. For the meaning of the other
symbols, see the Experimental section.

Figure 1. The three most stable conformers of trans-RPQE: s-trans,
s-trans (At), s-trans, s-cis (Bt), and s-cis, s-cis (Ct).
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than 3.099 Å; that is, less than the sum of the van der Waals
radii (∼3.4 Å), whereby their π orbitals interact through space.
The absorption spectrum of 2,4-dimethyl-[2]paracyclo[2]-
(5,8)quinolinophanes (RPQ) is depicted in Figure 2A along with
its emission spectrum. RPQ shows allowed electronic transitions
at 210, 228, and 265 nm and a partially allowed transition at
312 nm. According to the ZINDO/S calculations, the absorption
at the lowest energy is a HOMO-LUMO “through space”
transition having charge transfer character from benzene to the
quinoline moiety (see Table 2 for the shape of orbitals). The
electronic transitions at higher energies are combinations of pure
π, π* transitions in the donor or acceptor part of the molecule.
The emission spectrum of RPQ has a maximum at 386 nm,
and it exhibits a large Stokes shift: ∆νj ) 6077 cm-1. Its
fluorescence quantum yield (ΦF for λexc ) 310) and lifetime
(τF) are 0.047 and 2.0 ns, respectively, in the presence of O2,
and ΦF ) 0.058 and τF ) 2.4 ns in deoxygenated solution.

In trans-RPQE, the π orbital of the ethylene group assures
electronic conjugation between the two paracycloquinoli-
nophanes, whereby trans-RPQE absorption spectrum is batho-
chromically shifted with respect to that of RPQ (see Figure 2B).
The absorption spectrum of trans-RPQE consists of three main
allowed transitions at 220, 309, and 375 nm. ZINDO/S
calculations reveal that the HOMO-LUMO transition has a
“through-space” charge transfer (CT) character from the benzene
rings of the two RPQ groups to the two quinolines conjugated
with the ethylene, as can also be inferred by observing the
representation of orbitals in Table 2. The bands appearing at
higher energies are mainly due to “through-bond” π, π*
transitions involving the ethylene and the two RPQ groups
beside a less relevant contributions from the CT transition.

Trans-RPQE emission occurs in the visible region: the
fluorescence spectrum is centered at 464 nm with a Stokes shift
of 5115 cm-1. Trans-RPQE fluoresces more strongly than RPQ,
since its fluorescence quantum yield is 0.13 in the presence of
O2 and 0.14 in deoxygenated conditions. Moreover, its fluo-
rescence lifetime is longer than that of RPQ, since it lasts 3.7
ns in the presence of oxygen and 4.2 ns without O2.

3.3. Photochemistry. Trans-RPQE presents a stilbenoid
structure; therefore, it is expected to photoisomerize upon
irradiation, as stilbenes do. When a solution of trans-RPQE in
acetonitrile is subject to UV irradiation (λirr ) 372 nm), a
spectral evolution is observed, such as that depicted in Figure
3A. The absorbance of the bands centered at 374 and 309 nm
wanes; on the other hand, in the spectral region below 290 nm,
absorbance slightly increases, whereas at 290 nm, it does not
change at all; that is, at 290 nm, there is an isosbestic point.

To gather additional information on the photoreaction,
chromatographic analyses were carried out. They revealed that
the observed spectral evolution of Figure 3A is due to a neat
photoreaction of trans isomer, without byproduct formation. The
absorption spectrum of the product, separated chromatographi-
cally, is shown in Figure 3B, along with that of the trans isomer,
as a matter of comparison. The product is thermally stable and
can be converted back to the reagent upon irradiation. From its
photoswitching and its spectral properties, it can inferred that
the photoproduct is the cis-RPQE isomer: as expected, the trans-
to-cis conversion is photoreversible and entails a hypsochromic
shift and a reduction of allowance for the electronic transitions
at lower energies because in the Z isomer, the structural steric
hindrance reduces the coplanarity of the molecular chro-
mophores. The quantum yield of photoisomerization (ΦPC) has
been determined (see the Experimental section for the details)
to be 0.082. The photostationary state, achievable by irradiating
at 372 nm, consists of a molar fraction of cis-RPQE equal to
0.48.

Cis-RPQE can exist under three main conformers: s-trans,
s-trans (Ac), s-trans, s-cis (Bc), and s-cis, s-cis (Cc), whose
structures, optimized by PM3 method, are depicted in Fig-
ure 4.

According to the PM3 calculations, Bc is the most stable
conformer: it has the most planar structure and less distorted
ethylene group. This species is the predominant, if not exclusive,
rotamer for cis-RPQE (in Table 3, the energies and statistical
weights of the conformers, calculated in vacuum at 298 K, are
reported).

The trans-to-cis photoisomerization entails noticeable varia-
tions in the CD spectrum (see Figure 5). The trans isomer
exhibits a broad negative Cotton effect between 420 and 305
nm, followed by a strong and broad positive Cotton effect
between 305 and 246 nm. Below 246 nm, two opposite CD
bands are present: one negative centered at 227 nm (∆ε )
-1194 M-1 cm-1) and one positive at 203.5 nm (∆ε ) +790
M-1 cm-1). On the other hand, in the CD spectrum of the cis
isomer, apart from a slight negative Cotton effect between 420
and 386 nm, strong and broad positive Cotton effects are
included between 386 and 280.5 nm, consisting of two bands
centered at 360 and 289 nm. At wavelengths shorter than 289
nm, a sequence of negative/positive CD bands is present (∆ε
) -702 M-1 cm-1 at 268 nm, ∆ε ) +70 M-1 cm-1 at 252
nm, ∆ε ) -146 M-1 cm-1 at 242 nm, ∆ε ) +1326 M-1 cm-1

at 225 nm, and ∆ε ) -1034 M-1 cm-1 at 203 nm). Comparing
the CD spectra, it is evident that the two pseudoenantiomers,
trans- and cis-RPQE, show some opposite Cotton effects,
especially in the spectral region located at higher energies
wherein electronic transitions mainly localized in the [2]para-
cyclo-[2](5,8)quinolinophane chromophores contribute. Accord-
ing to the DeVoe model,22 the seminal paper of Mason,23 and
the case of two chiral biquinolinophanes24 previously studied,
the spectral differences shown in Figure 5 are mainly attributable
to the different spatial orientation of the two chiroptical
[2]paraciclo[2](5,8)quinolinophane chromophores. In fact, in the

TABLE 1: Energies and Boltzmann Population (calculated
at 298 K) for the Three Most Stable Rotamers of
trans-RPQE

rotamer energy (KJ/mol) % population T ) 298 K

At (s-trans, s-trans) -567 083.10 53.27
Bt (s-trans, s-cis) -567 080.70 20.24
Ct (s-trans, s-cis) -567 081.36 26.49

Figure 2. Absorption (black) and fluorescence (red) spectra of RPQ
(A) and trans-RPQE (B) in acetonitrile.
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most stable conformer of trans-RPQE, At, having s-trans, s-trans
geometry, the two [2]paraciclo[2](5,8)quinolinophanes are op-
positely oriented, and they form dihedral angles of 5.3° and
6.5° (according to the PM3 calculations) with respect to the
plane defined by the CdC bond, whereas in the most stable
conformation of cis-RPQE, Bc, having s-trans, s-cis geometry,
the two chiroptical chromophores have a different mutual
orientation and form dihedral angles of 22.1° and 25.4° with
respect to the plane defined by the double CdC bond.

3.4. Time-Resolved Absorption Spectra. The picture of the
overall relaxation dynamics of trans-RPQE after photoexcitation
has been completed by means of transient absorption spec-
troscopies. The spectral evolution included in the time scale
from tens of nanoseconds to milliseconds has been recorded
by the nanosecond flash photolysis technique, and it is reported
in Figure 6. Soon after laser excitation (λexc ) 355 nm), a
positive broadband extending over the entire visible region and
with a maximum at 510 nm, along with two negative bands
peaked at 370 and 310 nm, was observed. All these bands
decayed with the same time constant of 3.3 × 105 s-1

(determined in the absence of oxygen), suggesting the involve-
ment of just one transient species.

The bands at 370 and 310 nm, with negative values of ∆OD,
are due to the bleaching of the ground state of trans-RPQE,
whereas the band centered at 510 nm, with positive values of
∆OD, can be attributed to the triplet state of trans-RPQE, since
its lifetime is shortened through diffusional quenching by oxygen
(kq ) 2.5 × 109 s-1 M-1), and it sensitizes the triplet state of

�-carotene. Sensitization experiments, carried out with the
purpose of determining the triplet quantum yield of trans-RPQE,
were unsuccessful when benzophenone (ET ) 287 kJ/mol)14 and
biacetyl (ET ) 236 kJ/mol) were used as triplet energy acceptors,
whereas they were successful with �-carotene (ET ) 88 kJ/
mol). Therefore, it can be inferred that the triplet energy of trans-
RPQE is smaller than 236 kJ/mol but larger than 88 kJ/mol.
By means of the procedure mentioned in the experimental
section, the following values were obtained in benzene at 520

TABLE 2: HOMO and LUMO Orbitals for RPQ and trans-RPQE

Figure 3. (A) Spectral evolution (highlighted by the arrows) for trans-
RPQE solved in CH3CN and irradiated at 372 nm by a Xe lamp for
2 h and 20 min. (B) Absorption spectra for trans-RPQE (in black) and
cis-RPQE (in red) in CH3CN.

Figure 4. The three most stable rotamers for cis-RPQE: s-trans, s-trans
(Ac), s-trans, s-cis (Bc), and s-cis, s-cis (Cc).

TABLE 3: Energies and Boltzmann Population (calculated
at 298 K) for the Three Rotamers of cis-RPQE

rotamer energy (KJ/mol) % population T ) 298 K

Ac (s-trans, s-trans) -567 039.22 0.08
Bc (s-trans, s-cis) -567 056.73 99.91
Cc (s-trans, s-cis) -567 031.56 0.01
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nm: ΦT × εT ) 3600 M-1 cm-1 (where ΦT is the triplet quantum
yield and εT is the triplet absorption coefficient), ΦT ) 0.42
and εT )8570 M-1 cm-1. It follows that the rate constant
for the intersystem crossing S1 f T1 is kISC

1,1 ) (ΦT/τF) ) 1 ×
108 s-1.

To take snapshots of the molecular states preceding the
population of the triplet state of trans-RPQE, pump-probe
experiments with femtosecond resolution were performed. The
spectral evolution recorded for trans-RPQE (in CH3CN, λirr )
372 nm) is reported in Figure 7.

The excitation at 372 nm activates the “through space” CT
transition described in Section 3.2 entailing an instantaneous
appearance of two bands in the visible region: one is centered
at 424 nm, whereas the other, broader is peaked at 650 nm and
presents a shoulder centered at 550 nm. The rises of these
features are well-described by the convolution of a step function
(instantaneous response) with the instrumental function as it is
shown in Figure 8A and D. Then the intensity of the red portion
of the spectrum undergoes a slight decrease. This spectral decay
is well-fitted by a monoexponential function with a decay time
of 70 ps detectable at both 510 and 625 nm (see Figure 8B and
E, respectively). Finally, the shape of the spectrum also evolves
(Figure 7), and it becomes resemblant with the spectrum of the
triplet state of trans-RPQE. This is evident by comparing the

last spectrum of Figure 7 (yellow trace) with the first transient
spectrum of Figure 6 (black square): both show a peak centered
at 510 nm, presenting two shoulders at shorter and longer
wavelengths. This spectral evolution determines a slight increase
in ∆OD values at 510 nm and a slight decrease in ∆OD at 625
nm (see Figure 8C and F, respectively).

The nature of the spectral evolution observed in Figure 7 and
its time amplitude suggest that as soon as the “through space”
CT state is populated by absorption of the pump, a restricted
structural rearrangement accompanied by vibrational relaxation
(as it occurs in stilbene and some of its derivatives)25-29 follows,
leading most likely to a potential energy well in the S1 state,
from where trans-RPQE can evolve to its triplet state; to its
ground state; and to the product, cis-RPQE. The time window
detectable by our femtosecond apparatus does not allow the
complete decay of the S1 state to be followed, since it occurs
in 4.2 ns. Just the first steps of the S1 state decay can be correctly
evaluated since the long decay time provides an almost flat trace
in the 1.5 ns window.

3.5. Concluding Remarks. This work provides insight into
the relaxation dynamics following photoexcitation of the newly
synthesized chiroptical trans-RPQE. Although the molecule can
exist as three main rotamers, theoretical and experimental
evidence suggest that the s-trans, s-trans (At) is the most

Figure 5. CD spectra for trans-RPQE (in black, C ) 3.2 × 10-4 M)
and cis-RPQE (in red, C ) 3.0 × 10-4M) in CH3CN.

Figure 6. Transient absorption spectra for trans-RPQE (C ) 2.5 ×
10-5 M) in acetonitrile at different delay times after the laser shot (λexc

) 355 nm): after 80 ns (black square); after 1.04 µs (red circle) and
after 15 µs (green triangle). Inset: kinetics at 570 and 360 nm, fitted
by monoexponential functions.

Figure 7. Transient absorption spectra for trans-RPQE pumped at 372
nm in acetonitrile (C ) 2.5 × 10-5 M), for delay times of 1 ps (black
line), 10 ps (red line), 200 ps (green line), 500 ps (blue line), 1 ns
(cyan line), 1.5 ns (magenta line).

Figure 8. Kinetic traces recorded at 510 nm (A, B, and C) and 625
nm (D, E, and F) for trans-RPQE pumped at 372 nm in acetonitrile (C
) 2.5 × 10-5 M). The first portions of the kinetics (A and D) are
fitted by a convolution of a step function with the instrumental function
(red traces). The following decays, evidenced by zooming in along the
y-axis (B and E), are well-fitted by monoexponential functions (red
traces).
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abundant conformer in acetonitrile at room temperature. The
excitation of trans-RPQE into the lowest energy band triggers
a “through space” CT transition. The Franck-Condon state,
giving rise to absorptions extended over the entire visible region,
relaxes in 70 ps to a minimum well of the S1 state, as depicted
in Scheme 3.

From this minimum in S1, several relaxation routes are
available: radiative and thermal decay to S0, intersystem crossing
to T1, and isomerization to the s-trans, s-cis rotamer of cis-
RPQE. The different paths of relaxation are undertaken with
rates conferring to the S1 state a lifetime of 4.2 ns. A survey of
quantum yields and kinetic constants for the different decay
routes are reported in Table 4.

The most likely processes to occur are the thermal relaxations
to the T1 and S0 states, but the colored fluorescence of trans-
RPQE is also not negligible nor the trans-to-cis isomerization.
Although the photoreaction takes place with a low quantum
yield, it entails significant changes in the CD spectrum that could
be exploited in the molecular computing field.
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SCHEME 3: Schematic Representation of the Relaxation
Mechanism after Photoexcitation for trans-RPQE

TABLE 4: Survey of the Quantum Yields and Kinetic
Constants for the Different Relaxation Paths Concerning
trans-RPQE

quantum yields kinetic constants (s-1)

ΦF ) 0.14 kF ) 3.3 × 107

ΦT ) 0.42 kT ) 1.0 × 108

ΦPC ) 0.082 kPC ) 1.9 × 107

ΦIC ) 0.36 kIC ) 8.6 × 107
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