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ABSTRACT: Time-resolved circular dichroism (TR-CD) is a powerful
tool for probing conformational dynamics of biomolecules over large time
scales that are crucial for establishing their structure−function relationship.
However, such experiments, notably in the femtosecond regime, remain
challenging due to their extremely weak signals, prone to polarization
artifacts. By using binol and two bridged derivatives (PL1 and PL2) as chiral
prototypes, we present here the first comprehensive study of this type in the
middle UV, combining femtosecond TR-CD and quantum mechanical
calculations (TD-DFT). We show that excitation of the three compounds
induces large variations of their transient CD signals, in sharp contrast to
those of their achiral transient absorption. We demonstrate that these
variations arise from both the alteration of the electronic distribution and the dihedral angle in the excited state. These results
highlight the great sensitivity of TR-CD detection to signals hardly accessible to achiral transient absorption.

Circular dichroism (CD) is a noninvasive tool for
investigating the three-dimensional structure of proteins

and DNA in solution.1 An extension to time-resolved
measurements provides interesting perspectives for probing
their conformational dynamics over large time scales.2,3

However, CD measurements at a very short time scale remain
challenging due to extremely weak signals, prone to polar-
ization artifacts, in particular, in the UV spectral domain.4−12

So far, only a few examples of femtosecond CD measurements
are reported in the literature, most of them being limited to
proof-of-principle experiments.5−8,10,13−16

Herein, we present a comparative study of several chiral
compounds in different solvents, below 250 nm, by femto-
second TR-CD spectroscopy. As models of chiral systems, we
chose binol and two bridged derivatives, PL1 and PL2
(Scheme 1a). These 2,2′-homosubstituted 1,1′-binaphthyls
are axial chiral compounds whose enantiomers are called
atropoisomers and specified by the stereodescriptors P/M or
Ra/Sa. These enantiomers can adopt three conformations,
cisoid, orthogonal, or transoid, depending on the dihedral
angle (θ) between the planes of their two aromatic subunits
(Scheme 1b). Because binol chirality arises from the
competition between steric hindrance (favoring orthogonal

arrangements) and electronic coupling of the two aromatic
subunits (favoring coplanar arrangements),17−20 photoinduced
changes of θ may significantly affect their chiroptical
properties, as recently shown by one of us using femtosecond
CD.21 Besides conformational changes, TR-CD can also yield
precise information about changes of their electronic structure
after excitation. To address the delicate balance between those
factors, we examined the role of the substituents and the
solvent on the chiroptical responses of binols upon excitation.
Our results are interpreted thanks to TD-DFT calculations in
solution, using the M052X and CAM-B3LYP functionals and
the PCM solvation model.
Figure 1 reports the static absorption, CD, and fluorescence

spectra of (Sa)-binol, (Ra)-PL1, and (Ra)-PL2 in cyclohexane
(Cx). The absorption spectra display three peaks associated
with 1Lb (S1 the weakest, 328 nm), 1La (S2, 278 nm), and 1Bb
(S3, 226 nm) electronic states according to the Platt
notation.18,20,21 Their similarity with those of 2-naphthol has
been attributed to the weak interaction between the two
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aromatic moieties.22 Our quantum chemical calculations
indeed predict that competition between resonance and steric
hindrance, involving the two aromatic moieties, favors the
quasi-orthogonal conformation in solution (θ ≈ 90°).
However, the molecular structure of binol in the ground
state is rather flexible, leading to a large distribution of
conformations ranging between slightly cisoid to slightly
transoid ones (70 < θ < 110°) at room temperature (Figure
S2 in the Supporting Information (SI)). We found that the
mixing of 1La and

1Lb transitions is more important than that in
2-naphtol. We clearly recognize two 1La excitons (one almost

dark), two 1Lb excitons (one dark), and two 1Bb excitons,
derived from the combination of 1La,

1Lb, and
1Bb states of the

2-naphtol units (Table S1). The computed absorption spectra
of binol are consistent with the experimental ones but
overestimate the stability of the 1La excitons.
The presence of the bridges induces a prominent bath-

ochromic shift of the 1La transition, concomitant to a
hypsochromic shift of the 1Lb transition, giving rise to one
congested absorption band peaking at 305 and 297 nm,
respectively, for (Ra)-PL1 and (Ra)-PL2. Those shifts stem
from the steric constraint imposed by the bridges that

Scheme 1. Schematic Representations of (a) the Three Studied 2,2′-Homosubstituted 1,1′-Binaphthyl Compounds, (Ra)-
Binol, (Ra)-PL1, and (Ra)-PL2, and (b) 1,1′-Binaphthyl Conformers

Figure 1. (a) Static absorption spectra, (b) corresponding static CD spectra in optical density (OD), and (c) fluorescence spectra of (Sa)-binol
(black lines), (Ra)-PL1 (red lines), and (Ra)-PL2 (green lines) measured in cyclohexane (Cx). The relative fluorescence spectral areas are
representative of the quantum yields. The red arrow indicates the small shoulder in the fluorescence of (Ra)-PL1. Excitation wavelength: λ = 290
nm. (d) Computed CD spectra in Cx at the PCM/TD-CAM-B3LYP/6-31+G(d,p)//PCM/TD-CAM-B3LYP/6-31G(d) level of theory at the S0-
min. The excited-state density differences (Sn − S0) for the S7 transition of (Sa)-binol and the S6 transition of (Ra)-PL1 are also shown. Each
transition has been convoluted with a Gaussian function (with a half-width half-maximum of 0.3 eV).
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provokes a substantial deviation of the oxygen substituents
from the plane of the two aromatic rings and reduces the
delocalization of the oxygen lone pairs.23 The bridges
considerably reduce the degree of freedom of the dihedral
angle. Consequently (Ra)-PL1 and (Ra)-PL2 exhibit a unique
cisoid conformation in the ground state, with θ being equal to
−49 and −61°, respectively (Figure S5).
The static CD spectrum (CDGS) of binol displays a

characteristic excitonic bisignate in the 200−250 nm spectral
region. It is well-established from simple classical models of
coupled oscillators that the amplitude and the sign of this
bisignate strongly depend on θ.17,19 In this context, the largest
amplitude of the Cotton effect observed in (Ra)-PL1 is
consistent with its small θ. It is clear from our calculations
(Figure S6) that the large distribution of θ in (Sa)-binol also
significantly contributes to this difference. The origin of the
CD bisignate arises from the interactions of the two 2-naphthol
units derived from the excitonic coupling of their 1Bb
transitions. As illustrated in Figure 1d, these interactions lead
to an additional shoulder in the red edge of (Ra)-PL1 and
(Ra)-PL2 bisignate that pertains to an inter-ring charge transfer
transition delocalized over the whole molecule derived from
the HOMO → LUMO transitions of the 2-naphthol moieties.
Besides CD, fluorescence spectroscopy can provide valuable

information about the nature of the excited state of biaryl
compounds.24−28 (Sa)-binol, (Ra)-PL1, and (Ra)-PL2 in Cx
(Figure 1c) exhibit a broad fluorescence spectrum with a
Stokes shift higher than 2700 cm−1. Such a behavior, which
was also reported for the achiral 1,1′-binaphthyl, has been
attributed to the significant change of θ upon excitation.29 As
shown by our calculations, while such interpretation is also
valid for (Sa)-binol and (Ra)-PL2, it is inappropriate for (Ra)-
PL1 for which large-amplitude motions are not expected. In
this case, we clearly observe a dual fluorescence (Figure 1c),
indicating emission from two distinct excited states. This
peculiar behavior can be explained by the inversion of 1La and
1Lb states after excitation. Such an inversion has been reported
for other aromatic systems, as, for example, 1-naphthol and
indole derivatives.30,31 According to this scenario, the blue-
edged fluorescence band (<350 nm), clearly distinguishable for
(Ra)-PL1, can be attributed to emission from the lowest 1Lb
state and the red-edged band (>380 nm) to the emission of the
1La state. We infer here a predominant role of θ in the
inversion of 1La and 1Lb states that also appears in the
absorption spectra of the three studied compounds, where the
relative energy between the two 1L transitions is strongly
diminished by the bridges.
To access the chiroptical changes of binols upon excitation,

we recorded their TR-CD signals at 234 nm, i.e., in the spectral
region corresponding to the largest amplitude of their static
CD signals in absolute value. Due to the strong energetic
pump, both the measured achiral differential absorbance (ΔA)
and the differential CD signals (ΔCD) exhibit a strong peak
around the time zero (Figure S8). This peak, which is also
observed for the neat solvent (Figure S9), results from two-
photon absorption (TPA) by the solvent and increases the
uncertainty of the TR-CD measurements on the subpico-
second time scale. Typical ΔCD kinetics measured after TPA
in Cx, ethanol (EtOH), and ethylene glycol (EtG) (Table S4)
are presented in Figure 2. They correspond to the ground-state
bleaching due to the dominant contribution of CDGS. In other
words, UV excitation induces a decrease of the CD in the
excited state (CDES) in absolute value, i.e., |CDES| < |CDGS|. At

the probe wavelength, CDGS of (Sa)-binol in EtOH being
positive, the depletion of the ground-state population induced
by excitation appears as a negative signal. Conversely, the
CDGS signal of (Ra)-binol in Cx being negative, the depletion
of the ground-state population upon excitation appears as a
positive signal. Importantly, the measured ΔCD kinetics are
found to be significantly faster than those of achiral ΔA (Figure
S10). Because CDGS is expected to be constant, we can thus
deduce that the observed ΔCD kinetics mainly originates from
the temporal variation of CDES.
The ΔCD kinetics of binol were fitted with a sum of two or

three exponentials and a step function with an amplitude of
less than 10% (Table 1). This step function accounts for the
residual contribution of the cell birefringence (see the SI). The
kinetics measured for Cx and EtG solutions involves two
distinct stages associated with amplitudes of different signs.
The first stage (τ1) indicates that immediately after excitation
CDES is similar to CDGS and then gradually changes within a
few picoseconds. Those changes are consistent with a decrease
of |CDES|.
On longer time scales, the TR-CD signals obtained for fluid

Cx and EtOH solutions exhibit a biphasic behavior with
average lifetimes of 136 and 400 ps, respectively. In the viscous
EtG, kinetics are monoexponential and markedly slower (τ2 =
8 ns). They are consistent with an increase of |CDES|. The
remarkable slowdown of the ΔCD kinetics in the viscous EtG
is consistent with a large-amplitude motion of the aromatic
moieties of binol. Our geometry optimizations (potential
energy surfaces, PESs) illustrated in Figure 3 indeed predict
large changes of θ of ca. ±40°, toward a more planar geometry,
especially for 1La-derived states. Both transoid and cisoid
conformations can be populated from the large conformational
distribution of the ground state of binol, the transoid
conformation being more stable than the cisoid one.
In order to characterize the substituent effect on the

chiroptical properties of binols after excitation, we performed
TR-CD measurements on (Ra)-PL1 and (Ra)-PL2. Figure 4
compares typical signals recorded for Cx, EtOH, and EtG
solutions. Like (Ra)-binol in Cx solutions, both bridged
compounds exhibit positive TR-CD signals, consistent with
|CDES| < |CDGS|. They were fitted with the sum of one or two

Figure 2. Comparison of the normalized TR-CD changes in OD
measured after 1 ps at 234 nm for (Sa)-binol in ethanol (EtOH) and
ethylene glycol (EtG) and (Ra)-binol in Cx. Solid lines represent the
individual fits of the experimental data. Excitation: 266 nm.
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exponential functions and a step function accounting for the
cell birefringence artifact (Table 2).

A two-step behavior, i.e., a rise of a few picoseconds followed
by an exponential decay, could be resolved in the TR-CD
signals of both bridged compounds in EtG and (Ra)-PL1 in Cx.
In all other cases, the ΔCD decays are monoexponential. As in
the case of binol, these kinetics are much faster than those of
achiral ΔA (Figure S11). We therefore attribute them to the
temporal increase of |CDES|. Interestingly, both bridged
compounds in fluid Cx and EtOH exhibit decays of ca. 40−
50 ps, while in the viscous EtG, the decays are slower by more
than 1 order of magnitude, suggesting the implication of
structural changes in the excited state. In order to get further
insight into those changes, we compared the TR-CD signals of
(Ra)-PL1 and (Ra)-PL2 with those of binol. As a general trend,
we observed that their ΔCD kinetics are faster. In particular, a
less pronounced effect of the solvent viscosity is observed on
the ΔCD kinetics of the bridged derivatives, giving support to
smaller structural changes. This is in line with our calculations
that predicted small variations of θ equal to −4 and −14°, for
(Ra)-PL1 and (Ra)-PL2, respectively.
As a last step of our analysis, we computed CDES spectra

associated with the four lowest energy excited states of (Sa)-
binol at some representative stationary points of their PES
using quadratic response theory calculations (see the SI). It has
to be pointed out that a direct comparison with our
experiments is not possible because it would require
calculations of all of the rotatory strength between the excited
states in an energy window of 10 eV (i.e., for more than 100
excited states), well beyond the ionization limit. We thus limit
our analysis to the energy window up to ∼8 eV, i.e., ∼3 eV
above the considered excited states, where our TD-DFT
calculations are more reliable. According to our calculations,
each excited state exhibits distinct CD signals with different
dependence on θ and the considered energy window (i.e., the
probe wavelength; see the SI). This result, together with the
strong vibronic coupling between the different excited states
evidenced by our calculations and the possible role of CT
states, shows that a simple exciton model, based on the
behavior of the GS spectra, cannot provide a reliable
interpretative framework.

Table 1. Time Constants and Relative Percentage Amplitudes Obtained from the Individual Fits of the ΔCD Changes of (Sa)-
and (Ra)-Binols at 234 nm

binols τ1 (a1) τ2 (a2) τ3 (a3) step

(Ra)-binol/Cx 2 ± 1 ps (−0.5) 29 ± 8 ps (0.28) 368 ± 200 ps (0.13) 0.09
(Sa)-binol/EtOH 18 ± 8 ps (−0.31) 570 ± 190 ps (−0.69)
(Sa)-binol/EtG 3 ± 2 ps (0.22) 8 ± 2 ns (−0.78)

Figure 3. Relative energy of the five lowest electronic states of (Sa)-
binol for different values of the dihedral angle (θ), computed at the
PCM/TD-CAM-B3LYP/6-31G(d) level of theory: S0 PES in black, S1
(bright 1La-derived exciton state) in red, S2 (dark

1La-derived exciton
state) in green, S3 (bright

1Lb-derived exciton state) in blue, and S4
(dark 1Lb-derived exciton state) in pink.

Figure 4. Comparison of the normalized TR-CD changes in OD
measured at 234 nm for (Ra)-PL1 (a) and (Ra)-PL2 (b) in Cx, EtOH,
and EtG. Solid lines represent the individual fits of the experimental
data. Excitation: 266 nm.

Table 2. Time Constants and Their Relative Amplitudes
Obtained from the Individual Fits of the ΔCD Changes of
(Ra)-PL1 and (Ra)-PL2 at 234 nm

τ1 (a1) τ2 (a2) step

PL1/Cx 0.9 ± 0.7 ps (−0.33) 38 ± 2 ps (0.60) (0.07)
PL1/EtOH 48 ± 2 ps (0.94) (0.06)
PL1/EtG 1.5 ± 0.5 ps (−0.50) 465 ± 11 ps (0.50)
PL2/Cx 43 ± 3 ps (0.93) (−0.07)
PL2/EtOH 55 ± 1 ps (1)
PL2/EtG 10 ± 4 ps (−0.14) 1.9 ± 0.1 ns (0.86)
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The CDES signals depend remarkably on the considered
excited state. A smaller, albeit, clear dependence on the
geometry is also found (Figure S14). In particular, the
computed signals are much larger for the B-symmetry states
corresponding to the bright La-1 and Lb-1 exciton states than
those for A-symmetry states corresponding to the dark La-2
and Lb-2 exciton states. In addition, exciton localization
induces a significant decrease of the CDES amplitude. Finally,
the B-symmetry states exhibit larger signals in their ground-
state geometry and in their cisoid minima than their transoid
ones.
A combination of these computations and our experimental

observations provides a qualitative picture of the complex
photoactivated dynamics and the TR-CD signals of binols. In
the first picosecond, CDES remains similar to CDGS.
Subsequently, we observe a decrease of the CD signal, which
can be attributed to the decay to transoid excited-state minima
associated with the trapping in partially localized minima.
Afterward, a steep increase of the signal is observed, suggesting
a significant change in the nature of the excited-state
population. Actually, both our calculations and our fluo-
rescence spectra provide several arguments in favor of the
inversion between 1La and

1Lb states, with population transfer
to the 1La exciton. First, the bright 1La excitons are more
sensitive to the variations of θ and further stabilized compared
to the other excited states. Second, the 1Lb states are
characterized by a weaker exciton coupling that the 1La states,
leading to partial localization of the excitation on one ring after
excitation. Consequently, our geometry optimizations indicate
that the 1La exciton minimum is the most stable one.
Depopulation of the partially localized pseudominima can
also contribute to the relative increase of the CD signal.
Vibronic interactions ruling these population transfers, e.g.,

1Lb → 1La or localized → delocalized minima, are obviously
modulated by the structural degrees of freedom, with θ playing
an important role. This conclusion is supported by the almost
constant TR-CD signal observed for binol in EtG. In this
solvent, most of the molecules are expected to be frozen in a
“pseudo-perpendicular” arrangement, preventing the popula-
tion transfer processes described above. (Ra)-PL1 and (Ra)-
PL2 are instead constrained in a cisoid conformation in all
solvents, for which the vibronic coupling between 1L states
coupling is significantly higher, as shown by their absorption
spectra. This result is in line with the faster kinetics of their
TR-CD signals with respect to those of binol, observed in all of
the solvents including EtG. The ΔCD kinetics of (Ra)-PL1 in
EtG is indeed comparable to that of binol in EtOH. On the
other hand, the similar qualitative behavior observed for the
three studied compounds provides a strong indication that,
although important, θ is not the only structural parameter
affecting the vibronic coupling in biaryls. In this respect, it is
noteworthy that the dual fluorescence of (Ra)-PL1 indicates
the inversion of 1La/

1Lb states despite limited changes.
Regarding the solvent effects, the shorter average lifetime of

the ΔCD kinetics of binol observed in Cx with respect to those
in EtOH indicates a marked effect of the solvent proticity on
the excited-state relaxation. The propensity of the binol
hydroxyl groups to form hydrogen bonds with EtOH induces a
net deceleration of the conformational changes by more than 1
order of magnitude with respect to 1,1-binaphthyl, i.e., 400 vs
12 ps.32 For (Ra)-PL1 and (Ra)-PL2, there is no significant
effect of the solvent proticity on the TR-CD, providing

evidence that the presence of the bridges prevents specific
interactions of the oxygen atoms with protic solvents.
In conclusion, we presented the first comprehensive

femtosecond TR-CD study of binol and two bridged
derivatives and examined the solvent effect. Upon excitation,
we observed significant changes in the TR-CD signals caused
by the CDES dynamics. A combination of TR-CD, fluorescence
spectroscopy, and quantum chemical calculations brought
evidence that those effects stem from the intricate changes of
the electronic structure and the conformation of biaryls upon
excitation. In a more general way, these experiments highlight
the great potential of TR-CD detection with respect to classical
achiral transient absorption to detect both electronic and
conformational changes of excited states.
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