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Abstract

The monosignate character of Resonance Raman Optical Activity (RROA) spectra

has been often taken as granted in experimental and computational approaches, on

the basis of basic theoretical approximations only considering resonance with a single

electronic state of the molecule and the scattering process to be governed by the Franck-

Condon mechanism. We show in this letter for the first time that, by resorting to a fully

Quantum Mechanical (QM) methodology able to take into account all terms entering

the general definition of RROA, and which considers excited state interference and

Herzberg-Teller effects, sign alternation and at the same time intensity enhancement

in RROA spectra is obtained. Such features constitute an important milestone towards

the exploration of RROA of a wide range of chiral biological molecules.
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Raman optical activity (ROA),1–4 i.e. the measure of the difference in the Raman scattering

of left and right circularly polarized light, has gained increasing interest recently as valuable

tools for assigning molecular absolute configurations and for obtaining information on the

local environment of oscillating modes of molecular systems and especially biomolecules.5,6

One of the recognized shortcomings of ROA is the weakness of its signal, which may prevent

the experimental study of some systems or the investigation of specific spectral regions. Be-

sides the improvement of instruments which has been reported in recent years,7 strategies

for enhancing the ROA signal have been identified, such as the creation of supramolecu-

lar structures,8–10 interaction with metal nanoparticles,11,12 and especially taking advantage

of resonance effects.13–18 Experiments performed in the resonance regime, i.e. when the

frequency of the incident radiation in an ROA measurement coincides with an allowed elec-

tronic transition of the system, give rise to the so-called Resonance Raman Optical Activity

(RROA),19,20 which benefit from an increase in the ROA signal with respect to the far from

resonance response. Nevertheless, the potentialities of RROA remain to date almost unex-

plored, and only a few measurements have been reported in the literature.13–15 One possible

cause of this situation may be due to the fact that the currently available ROA instruments2

are designed to work in the visible region of the spectrum (532, 514 or 488 nm), where most

of organic molecules do not absorb. Recently, however, a novel ROA instrument, operating

in the deep-UV range of the spectrum (244 nm) has been designed,7 and this would most

probably pave the way to the extensive detection of RROA, thus enormously widening its

applicability. In parallel to the lack of extensive experimental evidence of RROA, there is

also a scarcity of computational approaches to calculate RROA spectra.21,22 Because the

interpretation of any ROA signal and the assignment of the spectra greatly benefit from

the comparison with calculations, the lack of accurate yet generally applicable computa-

tional methodologies, has contributed to limit the investigations on this technique. A step

towards this direction has been done by some of us,23 through the definition of a novel

computational methodology, accounting for Franck-Condon (FC), Herzberg-Teller (HT) and
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interference effects within a formulation ensuring the independence of the calculated results

among the choice of the system coordinates.

According to the theoretical fundamentals of RROA19,23 in general there is not any sim-

ple relation between the intensities of resonance Raman (RR) and RROA spectral bands.

However, in the particular case that the incident radiation is in strong resonance with a

single electronic state (SES) of the molecule and the scattering process is governed by the

FC mechanism, the intensities of the RROA bands are identical to the corresponding bands

in the parent RR spectrum, as demonstrated by the following equation (see Section S1 given

in the Supporting Information (SI) for more details):2,19,23

I ICP
RROA = −1

2
grg I

ICP
RR (1)

where grg is the so-called anisotropy ratio, i.e. the ratio of electronic circular dichroism

(ECD) intensity to the corresponding UV-vis absorption intensity for the transition from

the ground electronic state g to the resonance state r.

Equation 1 has a relevant consequence: the RR spectrum is by definition monosignate,

and within this approximation also the corresponding RROA spectrum will not display

any sign alternation. This feature of the RROA has been taken as a dogma: whenever

a ROA spectrum is reported to be monosignate, this is interpreted as being RROA, and

most important, in case sign alternation is detected, the possible occurrence of resonance

effects is not properly considered.2,13–15,19 It is also to notice that in the early days of the

development of ROA,3 such monosignate spectra were usually rejected and interpreted as

due to the polarization artifacts to which ROA was especially susceptible before the modern

ROA instrument was introduced.2

Because it is the sign of the chiroptical response and not its absolute value, the most valu-

able information which can be taken from spectra in order to assign the chiral absolute

configuration and study chiral molecules, the assumption of RROA being monosignate has
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strongly limited its development from both the experimental and theoretical point of views.

In this letter we show for the first time, by resorting to a computational modeling rooted in

quantum-mechanics (QM) and going beyond the common assumptions exploited to model

RROA, that the equivalence ”sign alternation = far from resonance ROA” has not to be

taken as granted.

There are basically two alternative mechanisms which can give rise to sign alternation in

RROA: i) interference between multiple electronic excited states within the FC approxi-

mation and ii) Herzberg-Teller effects.2,19,23 The results of these two mechanisms in the

calculation of RROA spectra are illustrated in this letter.

Notice that sign alternation in RROA can also have unphysical origins due to the origin

dependence of the RROA intensities when two or more non-degenerate excited states are

included in the calculation of the FC RROA polarizabilities.23 Differently from the far-from-

resonance ROA, where origin dependence can be removed by using the velocity representa-

tion of the electric operators24 or Gauge Including Atomic Orbitals,25,26 the multi-state FC

RROA spectrum evaluated through the velocity representation requires a common vertical

excitation frequency to be used with the dipole and quadrupole transition moments of the

different electronic states to completely cancel origin effects.23 For this reason, all FC spectra

reported in this communication were evaluated with this additional care to remove any origin

dependence in the RROA cross sections. Also, sign alternation has been observed routinely

in RROA spectra induced by a static magnetic field in achiral samples.3,27,28

As already mentioned above, sign alternation in ROA can result from the interferential

features of multiple excited electronic states into the ROA tensors: in this case, no simple

relation between Raman and ROA intensities can be obtained beyond the SES limit. In order

to establish a relation between RROA and RR intensities, the electric dipole transition mo-

ment is assumed to be parallel to one of the coordinate axis. However, the spatial orientation

of the electronic transition moments cannot be predicted from the electronic structure of the

system in a simple way and there are not enough geometrical constraints to relate Raman
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and ROA intensities even when only two excited states are relevant to the light scattering

through the A-term FC mechanism (Equation S1 given as SI requires the FC approximation

and the transition polarizability αfi with a single non-zero component to be valid).2,14 For a

system where the incident excitation radiation is in strong resonance with two excited states

and the vibronic coupling is negligible, geometrical constraints can be used to show that

there are at most five non-zero components of the transition polarizability αfi in general.14

In this case, the non-zero components of the transition polarizability αfi are of the type: αfiρρ,

αfiσσ and αfiρσ = αfiσρ, with ρ 6= σ and ρ,σ being one of the Cartesian directions. Therefore, the

corresponding RR and RROA intensities are not simply related and the sign of each RROA

band will depend not only on the spatial orientation of the transition moments but also on

the magnitude of each non-zero component of the ROA tensors. Because these magnitudes

are peculiar to each vibrational transition, sign alternation can occur in this type of RROA

scattering.

The occurrence of sign alternation when the incident radiation is simultaneously in reso-

nance with two excited states is illustrated on the left panel of Figure 1, which shows the

RROA spectrum of (1R)-camphorquinone in cyclohexane solution. The corresponding RR

and Circular Intensity Difference (CID)2,3 spectra are given in Figure S1 in the SI. This spec-

trum was obtained by using the B3LYP exchange-correlation functional29 and the polarized

double-ζ SNSD basis set,30,31 while solvent effects are described with the Polarizable Contin-

uum Model (PCM).32 All the calculations reported in this letter were performed by using a

locally modified version of the Gaussian package.33 The RR and RROA polarizabilities were

evaluated for the S5 and S6 singlet excited states (λS5=214 nm, λS6=211 nm), see also Table

S1 in the SI) using the velocity representation of the electric dipole and traceless quadrupole,

at the excitation wavelength λ0 = 217 nm and with the dumping factor Γ = 350 cm−1 for

both excited states. The vertical excitation energies, oscillator and rotational strengths of

the S5 and S6 states are reported in Table S1 of the SI. Excited state Potential Energy

Surfaces (PES) were represented by the Vertical Gradient (VG) model.34,35 According to
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reference 2, the strong resonance limit in RR and RROA occurs when the frequency of the

incident photon closely matches the frequency of a particular electronic/vibronic transition,

such that ωrg +ωni−ω0 ≈ 0, in Equations (S3) and (S4). Within the VG model, the energy

of the 0–0 vibronic transition is simply the difference between the ground and excited state

electronic energies taken from the respective minima of each PES (such energy corresponds

to ~ωrg). For instance, if ω0 − ωrg is equal to the frequency of one normal vibration in the

ground electronic state, there will be a perfect cancelation of the corresponding ωrg+ωni−ω0

term where the intermediate vibrational state differs only by plus one unit in the quantum

number of that particular normal mode with respect to the initial vibrational state, i.e.

nr − ig = (0, · · · , 0, 1, 0, · · · , 0), with nr and ig being vectors defining the initial and inter-

mediate vibrational states. All spectra reported in this work were convoluted with Lorentzian

functions having a full width at half maximum of 10 cm−1 and the absolute RROA intensities

are given in terms of differential cross sections for the unpolarized backscattering Scattered

Circular Polarization (SCP) ROA which also obeys Equation S1 in SI at the SES limit. From

Figure 1 it is evident that sign alternation is possible. Also, the strongest RROA bands of

(1R)-camphorquinone have a negative sign.

Sign alternation is also expected in case RROA polarizabilities are evaluated with three or

more A-terms (FC level).2 This mechanism is illustrated by the right panel of Figure 1, which

reports RROA spectra of (S)-nicotine in aqueous solution calculated by considering states

S1, S2 and S3 (for conformer A: λS1=240 nm, λS2=231 nm, λS3=228 nm, for conformer B:

λS1=242 nm, λS2=229 nm, λS3=228 nm, see also Table S2 in SI) and excitation wavelengths

of λ0 = 238 nm and λ0 = 250 nm. The corresponding RR and CID spectra are show by

Figure S4 in the SI. By following previous studies on this molecule performed by some of

us,36,37the CAM-B3LYP/aug-cc-pVDZ level of theory was exploited. Solvent effects (aqueous

solution) were described by means of the PCM. At 298.15 K, (S)-nicotine exists in two stable

conformers (see Figure S3 in the SI) with the thermal population of conformer A being equal

to 55.3%.36 The vertical excitation wavelengths for the first three singlet excited states of
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conformers A and B lie in the range of 242−228 nm and the rotatory strength is negative for

S1 and positive for S2 and S3 for both A and B conformers (Table S2 in SI).36 Interestingly, for

the excitation wavelength lying within the absorption bands (λ0 = 238 nm) there is no sign

alternation in the RROA spectrum. Nevertheless, when the excitation wavelength is in the

pre-resonance regime (λ0 = 250 nm) strong sign alternation is observed (the corresponding

RR and CID spectra are show by Figure S5 in the SI). Therefore, absence of sign alternation

in RROA does not necessarily implies a single excited state scattering, as it is always the

case within the SES limit.

For those systems where only a single excited state is in strong resonance with the excitation

radiation it is still possible to observe sign alternation in RROA due to the Herzberg-Teller

(HT) vibronic coupling mechanism.2,23,38,39 The FC approximation is expected to work well

for RR if the electronic transition is strongly allowed at the excitation frequency λ0 or close

enough to that wavelength.34,40 On the other hand, since RROA intensities depend on the

magnitude of the the transition tensors Gfi and Gfi,23 even if at the simplest level of the-

ory, i.e. SES, if the electric and magnetic transition moments are individually large, they

may be oriented in such a way that the rotational strength is small, so that small resonance

enhancement for the RROA intensities will occur. Under such circumstances, where the

A-term tensors of RROA are not large, the contribution of other excited states to the RROA

scattering through the HT intensity-borrowing mechanism can introduce non-negligible cor-

rections to the RROA tensors.23 The simplest theory that allows for the inclusion of HT

effects is the so called Two Excited States B-term model (TES-B) where two excited states,

with at least one of them being in resonance with the excitation radiation, interact with

each other through the vibronic coupling between them.2 Since the TES-B model involves

an additional excited state with respect to the SES limit, there are not enough geomet-

rical constraints to fulfill the requirements of αfi having all but one non-zero component

necessary for the validity of Equation S1 in SI. At the HT level, the dependence of the

electric dipole transition moment on the nuclear coordinates is usually expressed in terms
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of the linear term in the Taylor expansion of this property with respect to the normal coor-

dinates.34,40 From that expansion, by using perturbation theory, it is possible to show that

all the excited states (not only two) make a contribution to the geometrical derivatives of

the transition moment.35 Supposing that the scattering system is oriented so to have its

electric dipole transition moment at the ground state equilibrium geometry parallel to the

z-axis, the molecular vibrations can introduce contributions to that property in other than

its z-component, due to the non-totally symmetric normal modes, in those molecules with

some point group symmetry, or from all normal modes if the chiral molecule belongs to the

C1 group. The relevance of the HT coupling to the transition moment itself will depend

on the magnitude of its first derivative with respect to each normal mode, according to the

following expansion:35

µgrρ = δρzµ
gr
ρ,0 +

∑
k

µgrρ,kQ
g
k + high order terms (2)

where µgrρ is the ρ-component of the electric dipole transition moment between states g and r

at arbitrary geometries. µgrρ,0 is the same quantity at the equilibrium geometry (where only its

z-component is non-zero), δρz is 1 for ρ = z and 0 otherwise, µgrρ,k is the first derivative of µgrρ

with respect to the ground state normal coordinate Qg
k. Nonetheless, the importance of the

HT mechanism for each RROA transition will depend, in addition to the value of the above

derivatives, also on the value of the HT integrals for that particular vibrational transition.

According to equation 2, any of the nine components of αfi can be different from zero.

Furthermore, the resulting RR and RROA polarizabilities are not symmetric anymore, due

to the form of the HT integrals. Therefore, the four anti-symmetric anisotropic rotational

invariants of RROA can now contribute to the RROA intensities, as well as the RR intensities

will receive a contribution from the anti-symmetric anisotropic invariant of αfi. From the

above considerations we see that at the HT level one returns to the most general theory

of ROA scattering, where sign alternation is always possible and therefore one should not
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expect a mono-signate RROA spectrum to be a rule at this level of theory.

To illustrate this, following a similar computational protocol as in the FC RROA calculations,

the HT RROA spectrum of (1R)-camphorquinone in cyclohexane was computed for state

S1 (λS1=499 nm, see also Table S1 in SI) using the Adiabatic Hessian (AH) PES model34,35

and an excitation wavelength λ0 = 545 nm corresponding to the 0–0 vibronic energy. The

HT RROA spectrum is shown on the left panel of Figure 2 together with the FC spectrum.

In this molecule, the S2 state is predicted to be far apart from S1, lying in the UV region

(295 nm for the vertical excitation, see table S1 in SI). The rotatory strength for state S1 is

−1.4 × 10−40 erg.esu.cm.Gauss−1 and thus, the FC RROA presents only positive peaks, as

expected. On the other hand, when the vibronic coupling is taken into account, there is a

significant increase in the intensity of several bands and, in addition, there are many peaks

with negative sign. Furthermore, on the right panel of Figure 2 the HT-RROA spectrum of

(1R)-camphorquinone is compared with the far-from-resonance ROA spectrum obtained with

λ0 = 1064 nm. Clearly, one cannot distinguish which one is the resonance spectrum based

on the single-sign criteria but, as usual, there is the characteristic resonance enhancement

of some bands and the RROA intensities are about two orders of magnitude stronger at

λ0 = 545 nm, though part of this increasing is due to the fourth power dependency in

the cross sections. Notice that, at the HT level, a single excited state RROA scattering

suffers from origin dependence and special care must be taken to evaluate the corresponding

RROA intensities. In order to completely remove origin effects from the RROA spectrum

the rotational invariants of the quadrupole tensors were calculated with the modifications

suggested in a previous study of some of us.23 The corresponding calculated RR and Circular

Intensity Difference (CID)2,3 spectra for the S1 state of (1R)-camphorquinone excited at

λ0 = 545 nm are given in Figure S2 in the SI. The simple relation between RROA and

RR intensities described by Equation 1 is explicitly evidenced by the blue line in the CID

spectrum.

In conclusion, we have shown in this letter for the first time that, by resorting to a fully QM
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methodology able to take into account all terms entering the general definition of RROA,

and which considers excited state interference and HT effects, sign alternation and at the

same time intensity enhancement in RROA spectra is obtained. Our findings, in combination

with a recent breakthrough in ROA instrumentation,7 allowing measurement in the deep UV

range not plagued by interfering residual fluorescence, will boost the interest in RROA, and

constitute an important milestone in the exploration of resonance ROA scattering phenomena

of a wide range of interesting biological molecules.
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(a)

  

(b)

Figure 1: VG/FC RROA spectra of (a) (1R)-camphorquinone in cyclohexane and (b)
(S)-nicotine in water. The excitation wavelength λ0 and excited states used to compute
the RROA polarizabilities are shown above.

  

(a)

  

(b)

Figure 2: AH/FC and AH/FCHT RROA spectra for the S1 state of (1R)-camphorquinone
in cyclohexane (a), its far-from-resonance ROA spectrum in the same solvent (top of b)
and its AH/FCHT RROA spectrum for state S1 (bottom of b).
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