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A harmonic adiabatic approach in combination with density functional response theory for computing two-
photon vibronically resolved circular dichroism spectra of chiral molecules is presented. It includes both
Franck—Condon and Herzberg—Teller contributions and it takes fully into account frequency changes and
Duschinsky effects. Model calculations have been performed for two dominant conformers of (R)-(+)-3-
methylcyclopentanone in the gas phase. It is found that the Herzberg—Teller contribution can introduce a
sign change in two-photon circular dichroism of a single excited electronic state of a conformer. The change
survives after Boltzmann averaging, and it might be amenable to experimental verification. Interesting
interference effects between Franck—Condon and Herzberg—Teller contributions are revealed and analyzed
in detail. Results obtained within the more approximate and less computationally intensive linear coupling

vibronic model are also given for comparison.

1. Introduction

Two-photon circular dichroism (TPCD)' arises from the
difference in two-photon absorption of left and right circularly
polarized light. It combines the advantages of two-photon
absorption (TPA), that is 3D confocality, reduced frequency,
enhanced penetration power, and so forth,> with the fingerprint-
ing capabilities of electronic circular dichroism (ECD).> " Great
interest in TPCD has recently been revived thanks to the
development of new theoretical approaches.”® Experimental
verification has proven to be rather challenging. On the basis
of the theoretical work of Sztucki and Strek,'® focusing on the
TPCD of specific electronic transitions in Lanthanide complexes,
Gunde and Richardson measured the fluorescence-detected two-
photon circular dichroism of uniaxial crystals of a Gadolinium
complex.!! Nonlinear circular dichroism induced by radiation
was also studied theoretically'? and observed in liquid samples
of ruthenium bipyridil salts'*~!¢ a few years ago by Hache and
co-workers. In 2004, Markowicz and co-workers introduced a
modified Z-scan technique that helped establish upper limits
for the two-photon dichroism that could be detected.!” Very
recently, Herndndez and co-workers made a remarkable progress
in the experimental measurement of TPCD by developing a
double L-scan technique,'® which can yield well resolved TPCD
and two-photon linear-circular dichroism (TPLCD, defined
essentially as the difference between circularly and linearly
polarized TPA) spectra for chiral samples in solution. Progresses
in both theoretical modeling and experiment could therefore
make TPCD a promising tool for various applications in biology,
pharmaceutical, medical, and nanoscience.
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Theoretical studies of TPCD have been mainly focused on
purely electronic contributions.®>!” However, as shown in our
recent studies on ECD of (R)-(+)-3-methylcyclopentanone
(R3MCP),?*2! vibronic effects could have a profound impact
on the rotatory strengths of selected excitations. It was found
that non-Condon vibronic effects such as those yielded by the
Herzberg—Teller (HT) contribution could introduce a change
of sign to the ECD response of the molecule. This fact has
important consequences on the assignment of absolute config-
uration of chiral systems.?*?! The importance of vibronic effects
on ECD spectra was also highlighted by recent studies carried
out by Neugebauer, Nooijen, and co-workers,”>? and by
Dierksen and Grimme.**

In this article, we investigate how vibronic coupling modu-
lates TPCD response. To this end, we present a detailed analysis
of the vibronic structure of TPCD spectra based on accurate
first-principle calculations, with a full account of Franck—Condon
(FC) and HT contributions. Already a long time ago,? it was
realized that for a reliable treatment of HT effects in one-photon
absorption and emission spectra computed in harmonic ap-
proximation, Duschinsky mixing® of the normal coordinates
of the electronic states involved in the electronic transition must
be taken into account because it modulates the interferential
patterns ultimately giving rise to vibronic transition intensities.
It may be expected that such interferences are even more
relevant in the determination of the intensities of complex signals
as TPCD, which depend on the combined effects of the electric
and magnetic dipole and the electric quadrupole transition
moments (section 2.1). In ref 27, an effective method for the
computation of vibronically resolved one-photon optical spectra
of large molecules was developed in the harmonic approxima-
tion, including both Duschinsky rotation and the effect of finite
temperature both in the gas phase and in solution. In this
framework, FC spectra can be computed through the evaluation
of the overlaps of multidimensional vibrational states. Gener-
alizations have been made to introduce also HT effects.?® In
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the literature, this method has been sometimes defined as the
“harmonic adiabatic FC approach” (AFC) by Nooijen and
co-workers.?3? The complex nature of the signal to be simulated
for TPCD poses technical challenges because robust and
effective methods are needed to obtain fully converged vibra-
tionally resolved TPCD signals, which can result from sums of
positive and negative contributions with possible issues due to
partial or total cancelation effects. To face this problem, we
generalized the method developed in refs 27, 28 for one-photon
spectra to deal with two-photon processes, and here we present
to the best of our knowledge the first — exact in harmonic
approximation — simulation and analysis of vibrationally
resolved TPCD. The combined effects of equilibrium structure
displacements, frequency changes, and Duschinsky mixing in
the radiative transition will be analyzed in detail. Furthermore,
to highlight the HT modulation of the spectral lineshapes, TPCD
spectra will be compared with one-photon absorption (OPA)
and ECD spectra, and with TPA spectra. We choose the two
dominant conformers of R3MCP as our model systems. R3AMCP
was indeed the subject of a combined linear and nonlinear
circular dichroism experimental study,*"*? and, also due to its
well characterized excitation spectrum, it is in our view an ideal
reference system for a comparison of the four linear and
nonlinear spectroscopies mentioned above. The computation of
harmonic AFC spectra requires the determination of the
equilibrium structures of all of the excited electronic states lying
within the energy window of interest, and this may become a
cumbersome task for sizable molecules. For this reason, results
with a simpler approach, the so-called linear coupling model
(LCM),* are also given for comparison. LCM, also known as
the gradient FC (GFC) approach, assumes that the normal modes
and frequencies are the same in the initial and final electronic
states, whereas the equilibrium geometries are displaced. The
displacement can be estimated from the excited-state energy
gradients computed at the ground-state equilibrium geometry.
Although LCM is expected to perform best in the simulation
of low-resolution spectra, it has been already successfully
adopted to capture the major features of many one- and two-
photon absorption processes.>*36

In section 2 the theoretical framework will be briefly sketched.
Computational details follow in section 3. The results of our
study are presented and discussed in section 4, whereas section
5 collects our main conclusions.

2. Theory

2.1. Basic Formalism for Vibronically Resolved TPCD
and TPA. In refs 20 and 21, we have summarized the theory
for vibronically resolved ECD. Here, we report the main
expression for the observable and use it to introduce our
formalism. The anisotropy of the molar absorptivity &(w), a
function of the laser frequency w, defined as the difference
between the one-photon absoptivity for left (L) and right (R)
circularly polarized light, Ae(w) = &(w) — er(w), can be written
as!°

X

2
AP (e) = 16 X (27)" X w X N,
9% 1000 x In(10) % (47e,) x hcg
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Ineq 1, wg,p, is the transition energy from the initial state
lgv,Llto the final state |fv,] where v, and v, are the vibrational
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states of the electronic initial g and final f states, respectively.
g(a),a)gygﬁ,/) is the normalized line shape function (either a
Lorentzian or a Gaussian depending on which between homo-
geneous and inhomogeneous broadening is dominant), N is
Avogadro’s number, ¢, the speed of light in vacuo and ¢, the
vacuum permittivity. p,, is the Boltzmann population of lv,L]
Our spectra assume transitions from the vibrational ground-state,
which is dominant in the Boltzmann distribution. The ECD
rotatory strength,’”% R, entering eq 1 is proportional to the
imaginary part of the scalar product of the electric dipole (i)
and magnetic dipole (71) transition moments,

R=2 S [ g )
4 £
0=x,y,2
where u§'"r = [uglualfvTand ms" = [gv lmelfv) ug is the o
Cartesian component of /&

Mo = z 4iia )
7
and m, is the oo component of 7

qi q;
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In eqgs 3 and 4, the Cartesian components of the position (r;y),
linear momentum (p,,), and angular momentum (/;,) of the
particles of charge ¢; and mass m; appear. The expression of
vibronic OPA is very similar to that of vibronic ECD, eq 1

A w) = () xw XN, x
3% 1000 xIn(10) xficy  (47,)

Zzl’ugg(w, D) Z Vﬁvgfvdz

VgVt a=x,y.2
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The last rows of eqs 1 and 5 yield the ECD and OPA
observables in units of dm* mol™! cm™! starting from circular
frequencies and transition dipole moments given in atomic units.
In this article, we focus on the theory of vibronic two-photon
processes. TPCD was theoretically described by Tinoco, Jr., in
the 1970s! and also by Power,**' and Andrews.*? In ref 6,
definitions were given and a computational approach to the ab
initio determination of TPCD spectra was discussed. In ref 7, a
selection of origin invariant approaches was presented. The one
based on Tinoco’s original formulation, labeled as the TI
approach, is employed in our present study. For two photons
of equal frequency w, starting from the expressions given in
refs 1 and 7, the TPCD, Ad""P(w) = O (w) — Sr(w), can be
written as

_i(Zn)zxwszA §

AS™P() =
15 ¢ x (4ae,)?
z z P, 82w, 0y, 1) % SR rpen
I vety
=4.67299 %10 x0)” x Z z pygg(Za), wgl/gfvf) x gugﬂ//RTPCD

Iover
(6)
The circular frequency is assumed throughout to be the same

for the two absorbed photons. ¢*#iRypcp in eq 6 is the TPCD
rotatory strength, and it can be obtained in an origin invariant
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form, independent of the completeness of the one-electron basis
set employed in the calculation, as’

SR oep = —b Bl (@) — b,yBy () — byBy (@) (7)

The results presented in this work correspond to an experi-

mental setup with two left circularly polarized beams propagat-

ing parallel to each other. For this arrangement, b; = 6, and b,
= _b3 = 2.1

Blo= LY MR @)
Bl@)=> 32 T @B @) )
Bl =53 M @) o)

Summations in eqs 8—10 run over Cartesian (x, y, 2)
components. The tensors ng”xf”f(w), M&’é”ﬂf “(w), and T;Zf%f U w)
are defined by the sum-over-state expressions
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Here, the summations run over all the intermediate electronic
(kD) and vibrational (I, states. &qp, is the Levi Civita
alternating tensor, and u% is the oo component of the dipole
velocity operator, defined as

4q;
W=D ~Pia (14)

1

and T is the o8 component of the mixed length—velocity form
of the quadrupole operator

4q;
TI;F z E(piariﬁ+riapiﬁ) (15)

Because the optical photon frequency w is far larger than
any of the excitation energies of the vibrational states contribut-
ing significantly to the summation, we can assume wy,, = .
Therefore, using the closure relationship  , lv[I% ] = 1, in eq
11

Pl(:/!;’vgﬁ’f(w) = |],g|P’;/‘;(w, o)ly 1l (16)

where Pif(w, Q) is the electronic (vertical-transition) tensor

Lin et al.

a2 e k) |\ [Tkl
{7 #ﬂfDJr {7 aitaﬁ (17

Pif0.Q)=

- w,—w W, —

and the summation includes the ground state |gL] The explicit
dependence of Pf(w, Q) on the photon frequency introduces a
severe complication with respect to the case of one-photon
absorption.?! A very useful approximation is to compute
PEA(wo, Q), the transition moment at the fixed photon frequency
wy, corresponding to the two-photon vertical excitation (which
roughly coincides with the maximum of the intensity). In this
approach, the dependence on the spectrum on the frequency is
introduced by the g(2w, wg,,z,) line shape weighted by the
rotatory strengths ¢*#“Rypcp and by the w? prefactor, as seen in
eq 6. Such an approximation may fail when resonances (or
nearby resonances) exist with specific vibronic levels. Inspection
of the electronic energy levels (see footnote of Table 1) allows
us to exclude this possibility in our application to R3MCP, vide
infra. Expanding P%$(wo, Q) in a Taylor series with respect to
the normal coordinates of the ground electronic state ¢Q around
the equilibrium geometry ¢Q,, we have

Py D), 0+ ...

Pﬁ;(wo’gg) - Qa

P, Qo) + Z
(18)

and therefore in the limit of first-order expansion we have
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APV (,,°Q)
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The first quantity on the right-end side is the electronic
transition moment of the initial state at the equilibrium position
of the ground electronic state, multiplied by the FC overlap.
The second term arises from the vibronic coupling between
different electronic states, and it yields the so-called HT
contribution. The expressions for the tensors defined in eqs 12
and 13 are obtained from eq 19 by substituting P with M? and
T, respectively.

The extinction coefficient in TPA is defined as*

2 2
6TPA((U) — L(zn) XWX NA »
30 2 x 2
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The orientationally averaged two-photon probability
“19rpa(wy) is given by

gU‘Jvf(STPA(WO) - % (E>S fxlcjngvfs;g Wt G x S(gxlljfgfyfszg Y+
Q

H x S$5S 8y (21)

where Si;yﬂ”f is the two-photon transition matrix element
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gygfyf( 0y=1 z dv IﬂalkkaJkuklﬂﬂfyflj
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and F, G, and H assume values of 2, 2, 2 for linearly and —2,
3, 3 for circularly polarized beams, respectively. We can write
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where S¢4 is the corresponding electronic two-photon absorption
tensor, obtained from eq 17 upon substitution of P” with S.

The last rows of eqs 6 and 20 yield the TPCD and TPA in
units of cm* sec mol™! starting from circular frequencies, two-
photon rotatory strengths, and transition probabilities given in
atomic units. By dividing by Avogadro’s number and by
multiplying by 10%, the observables can be obtained in often
used units of GM (Goppert—Mayer).

2.2. Analytical Sum Rules for Total Intensity. Similar to
what we have done for ECD,?! we can derive analytical sum
rules for the total intensity of TPCD. We neglect the frequency-
dependence, and to that end, for each transition Igv,[J— Ify/L]
we define the three terms BMY(w) = @*BM(w,), where i = 1, 2,
3 and the quantities Bf'(w) are given in eqs 8—10. In the limit
of first-order expansions of the three tensors defined in eqs 11,
12, and 13 and assuming completeness of the vibrational-state
manifold, we have
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Analogously, we can prove that the following hold
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Therefore, the total intensity of the TPCD rotatory strength
can be written as

z gudfiy RTP — (— bIB”ll'l,FC _ bZB;I,FC _ bSB;l'I,FC) +

Vg:ls
(_bIBTI,HT . szTI HT ~ b, BTI )
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The corresponding expression for the analytical total intensity
for TPA reads as
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Eq 28 generalizes for finite temperature and both linear and

circular polarized light the 0 Kelvin expression, obtained for
linear-polarized light only, by Macék et al.*®

= Opa Oy (28)

3. Computational Details

Attention is focused here on the two lowest-lying conformers
identified for gaseous R3MCP, the so-called equatorial-methyl
(Eg) and axial-methyl (Ax) forms, whose structures are also
sketched in the inset of Figure 1. The optimized geometries,
the normal modes and the corresponding frequencies of the
electronic ground-state are taken from ref 20. They were
obtained at DFT level based on the hybrid Becke three
parameters Lee—Yang—Parr (B3LYP) functional,*** adopting
the aug-cc-pVTZ basis set*’ and using Gaussian 03.3

The Pg;‘f”xf”f(w), ]\/I”dg”uf“f(w), T;g”uﬁ’f(w), and Sﬁ”ﬁf”f(w) tensors
were evaluated as single residues of the appropriate quadratic
response functions,® using the DALTON 2.0 chemistry pro-
gram.*® Their derivatives with respect to normal coordinates
were obtained by numerical differentiation.

In the property calculations, we employed the Coulomb-
attenuated Becke three parameters Lee—Yang—Parr (CAM-
B3LYP) functional,’®! which in our previous study of the ECD
spectra'®~?! yielded a considerable improvement with respect
to results obtained with the popular hybrid B3LYP functional.
In our calculations, performed with the aug-cc-pVTZ basis set,
the standard parametrization (o. = 0.190, 8 = 0.460, u = 0.330)
was used for CAM-B3LYP.
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Figure 1. Vibronically resolved one- (ECD, left panels) and two- (TPCD, right panels) photon circular dichroism spectra of the equatorial-methyl
(Eq) and axial-methyl (Ax) conformers of R3MCP. The Boltzmann-averaged (Bol) spectra are also shown. The linear coupling vibronic model
(LCM) is employed. CAM-B3LYP/aug-cc-pVTZ property calculations carried out on ground-state B3LYP/aug-cc-pVTZ optimized geometries, in
the energy interval where our calculations place the first six excited electronic states. Franck—Condon (FC, red lines) and Herzberg—Teller (HT,
blue lines) contributions, together with the total (TOT = FC + HT, black lines) spectra are shown with a Lorentzian broadening of 0.05 eV.

TABLE 1: Analytical Franck—Condon (FC) and Herzberg—Teller (HT) Total Intensities and Convergence (%, See Text for
the Definition; in Parentheses the Harmonic AFC Values Are Given) for the LCM Calculation of the TPCD Responses of Both

the Equatorial (Eq) and Axial (Ax) Conformers of R3IMCP**

Total Intensities Convergence
Eq Ax Eq Ax
FC HT FC HT FC HT TOT FC HT TOT
S1 —0.0001 0.0003 0.0008 —0.0004 100 (99.8) 99.8 (99.1) 100 (99.4) 100 (99.8) 99.6 (99.3) 99.7 (100)
S2 —0.1069 —0.0041 0.1404 0.0021 100 (99.9) 99.5 (99.6) 99.9 (99.9) 100 (99.8) 99.7 (98.8) 100 (99.8)
S3 0.3817 0.0032 —0.1066 0.0017 99.9 104 99.9 99.9 96.4 99.8
S4 —0.0203 —0.0650 0.5823 —0.1496 100 99.6 99.9 100 99.5 100
S5 —0.0066 —0.0294 —0.3056 0.2930 100 99.8 99.8 100 99.9 103
S6 0.3620 —0.0670 0.0774 0.2668 100 99.5 100 100 99.3 99.2

“First six excited states, calculated at the CAM-B3LYP/aug-cc-pVTZ level. Atomic units. * The SO — Sn (n = 1,6) vertical excitation
energies (eV) are 4.30, 6.33, 6.86, 7.03, 7.06, and 7.61 for the Eq conformer and 4.28, 6.32, 6.89, 7.06, 7.08, and 7.63 for the Ax conformer,

respectively.

The Boltzmann averaging of the spectra was carried out at
298.15 K and 1 atm, as detailed in refs 19—21. The Boltzmann
percentages of the two conformers in the gas phase computed
at B3LYP/aug-cc-pVTZ level were 89.9% and 10.1%, for the
Eq and Ax forms, respectively.?!

All of the spectra reported in this work were computed with a
modified version of the code FCclasses.”> The program was
generalized to deal with second-rank two-photon transition tensors.
Furthermore, the selection scheme of the vibronic transitions
presented in ref 28 was slightly modified to take into account and
balance the HT contributions of the three different transition tensors
in eqs 11—13. Following what we have done for ECD,?! harmonic
AFC spectra were obtained for the first two excited states for OPA,
TPA, and TPCD processes. We resorted to the less-expensive LCM
to study the response of the S3—S6 excited states, and we compared
LCM and AFC results for the S1 and S2 states. LCM spectra are
computed at CAM-B3LYP/aug-cc-pVTZ level on the B3LYP/aug-

cc-pVTZ geometries for both conformers. For the S1 and S2
harmonic AFC spectra, we utilized the excited states optimized
geometries and harmonic analyses obtained in ref 21 at the TD-
DFT CAM-B3LYP/aug-cc-pVDZ level, exploiting the analytical
gradients available in the development version of the Gaussian
computational package.”® The excited-state energy minima were
refined at the CAM-B3LYP/aug-cc-pVTZ level for both conform-
ers. The possible effect on the shape of our spectra of the S1
anharmonic double-well energy profile along the pyramidalization
mode of the carbonylic C was discussed in detail in ref 21, and it
is treated approximately here, following the same procedure
described thereof.

4. Results and Discussion

4.1. Comparison of TPCD and ECD Spectra Computed
at the LCM Level. Figure 1 shows vibronically resolved one-
(left panels) and two- (right panels) photon circular dichroism
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Figure 2. Boltzmann-averaged one- (ECD, eq 1) and two- (TPCD, eq 6) photon circular dichroism, one- (OPA, eq 5) and two- (TPA, eq 20)
photon absorption spectra for the S1 and S2 states of R3MCP, computed at the CAM-B3LYP/aug-cc-pVTZ level and obtained with the linear
coupling (LCM, red lines) and the Harmonic AFC (AFC, black lines) models. All spectra are convoluted with a Lorentzian broadening of 0.05 eV.
The units are: 1073 dm® mol™' cm™! for both ECD and OPA; 107 cm* s photon™ mol ™! for both TPCD and TPA.
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bottom panel is obtained with the independent-mode model adopting
AFC values both for the frequencies and the displacements. The
spectrum is given as a function of (E—Ey), unit of eV, where E is the
excitation energy and Ej is the 0—O0 transition energy.
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Figure 4. Assignments of the main stick bands of the Franck—Condon
(FC, top panel), Herzberg—Teller (HT, middle panel), and total (TOT
= FC+HT, bottom panel) vibronic spectra for the Eq conformer of
R3MCEP in the S1 region, as obtained with the Harmonic AFC (AFC)
model. Vibrational contributions are labeled as “n*’, where x indicates
the quanta deposited on the excited-state normal mode n. When the x
is not explicitly given, it is intended that the corresponding mode is in
the ground state (x = 0). Combination bands, n*m”, are indicated in
parentheses. The spectra are convoluted with a Lorentzian spectral shape
function with a broadening of 0.05 eV. The Boltzmann-averaged
spectrum is also shown in red.

The Boltzmann-averaged (Bol, T = 298.15 K, P = 1 atm)
spectra are also shown. FC (red lines) and HT (blue lines)
contributions, together with the total spectra (TOT = FC + HT,
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Figure S. Assignments of the main stick bands of the Franck—Condon
(FC, top panel), Herzberg—Teller (HT, middle panel), and total (TOT,
bottom panel) vibronic spectra for the Ax conformer of R3MCP in the
S1 region, as obtained with the Harmonic AFC (AFC) model.
Vibrational contributions are labeled as “n*”, where x indicates the
quanta deposited on the excited-state normal mode n. When the x is
not explicitly given, it is intended that the corresponding mode is in
the ground state (x = 0). Combination bands, n*m”, are indicated in
parentheses. The spectra are convoluted with a Lorentzian spectral shape
function with a broadening of 0.05 eV. The Boltzmann-averaged
spectrum is also shown in red.

TABLE 2: Franck—Condon (FC), Herzberg—Teller (HT),
and Total (TOT) Intensities of Some Selected Vibronic
Transitions for Two-Photon Circular Dichroism (TPCD)
Responses of Both the Equatorial (Eq) and Axial (Ax)
Conformers of R3MCP, for the First Excited State,
Calculated with the Harmonic AFC Vibronic Model; Atomic
Units (1073 au)

Eq Ax
FC HT TOT FC HT TOT
0-0 —0.242 0959 —0.136 1.726 —0.979 1.998
10! —0.048 0.059 —0.445 0262 —0.069 0.794
30! —0.283 0.094 0.148 2.145 —0.091 1.780
10'30'  —0.053 —0.046 —0.351 0.306 0.043 0.796
30? —0.141 0.030 0.827 1.139 —0.095 —0.235
30° —0.038 0.232 0.705 0329 —0.361 —0.803
30 —0.006 0.143 0270 0.054 —-0.223 —0.384

black lines) are convoluted with an experimentally reasonable
Lorentzian broadening of 0.05 eV. The vibronically resolved
ECD spectra were already presented and discussed in detail in
ref 21, also ref 20, and they are reported here for ease of
comparison.

Figure 1 shows that R3MCP gives rather different one- and
two-photon responses. The first excited state, S1, is ECD active
but it shows very weak TPCD signals for both conformers. The
second excited state, S2, displays negative peaks for both Eg
and Ax (the latter a bit less intense than the former) in ECD,
whereas for TPCD the sign is negative for Eq and positive for
Ax. The S3—S6 states, which are very close in energy, yield
together a positive signal in Eq and a negative one in Ax for
ECD. The TPCD signal is instead a succession of peaks of
different sign, both for the Eg and the Ax conformers. Further
details can be found in ref 19. The Eq conformer largely
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dominates in the Boltzmann-averaged spectra due to the ~9:1
ratio coming from the thermal distribution.

4.2. Analysis of TPCD Total Intensities. A very convenient
way to compare the relevance of FC and HT contributions is
through the total intensities (section 2.2). Note however that
the HT effect on the spectrum profile may be ill-estimated by
an analysis of its analytical sum only, because HT contributions
may in principle be positive or negative. In Table 1, we collect
the TPCD analytical sum of the FC and HT total intensities,
for both Egq and Ax conformers, postponing to section 4.3 a
detailed analysis on S1 for both conformers because the signal
due to this state is too weak to be seen on the scale of Figure
1. The ECD spectrum was analyzed in detail in our previous
study,?! also see ref 20. For the Eq conformer, as we can clearly
see in Figure 1, the FC contributions dominate for both S2 and
S3, being responsible for the negative and positive peak around
6.20 and 6.73 eV, respectively. This is consistent with the
contents of Table 1, where the total FC intensity is found to be
much larger than the corresponding total analytical HT intensity,
cf. ratios FC/HT = 26 and 119 for S2 and S3, respectively.
There are HT contributions arising in the S4—S6 region, whose
effects on the TOT spectrum are visible in this area. Indeed,
for S4 and S5 the HT signal becomes even larger than the
corresponding FC contribution, with ratios of FC/HT = 0.3 and
0.2, respectively. A similar conclusion can be drawn for Ax.
The HT contributions become important in the S4—S6 region,
those of S4 and S5 being comparable and yet still smaller than
those of FC, whereas HT is larger than FC for S6, with a ratio
FC/HT = 0.3.

This analysis shows that in R3MCP HT effects are remarkable
even for the transitions responsible for the strongest signals,
suggesting that a theory including only FC effects may be more
often inadequate for TPCD than for one-photon processes.
Notice nevertheless that S3, S4, and S5 were identified in ref
19 as members of a close-lying multiplet of n — 3p character,
whereas S6 appears to be the lowest-lying member of the
corresponding n — 3d manifold. The adiabatic HT approach
employed in this study might then not fully describe the details
of the vibronic borrowing mechanism, and in particular the effect
of the missing members of the n — 3d multiplet might change
the shape of the spectra in upper energy range, above ~6.5 eV.
On the other hand, a fully nonadiabatic multistate description
of the TPCD signal, including the possibility of occurrences of
conical intersections, is currently unfeasible.

In Table 1, we collect also information on the convergence
over the vibronic manifold of our TPCD calculations. For each
final state, this convergence is estimated as the ratio between
the sum of the intensities of the state-to-state rotatory strength,
eq 7, explicitly considered in the computation of the spectrum
(taking into account both the FC and the HT contributions
(TOT), or each of them separately) and the corresponding total
analytical intensities. In parentheses in Table 1, the harmonic
AFC values are given. Very satisfactory levels of convergence
are obtained for both FC and HT, both with the LCM and
harmonic AFC vibronic models. The convergence is excellent
also for TOT, to a level always intermediate between those of
the FC and HT contributions, even when large cancellations
between FC and HT make the calculation rather challenging.
Notice that because vibronic circular dichroism intensities can
be either positive or negative, the sum of the state-to-state
intensities included in the spectrum is not bound to converge
to the analytical sum from below (which explains ratios larger
than 100% in Table 1).
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Figure 6. Profile of the AFC TPCD spectrum of the equatorial conformer of R3MCP in the region where the S1 state is active, resulting from the
choice of either Gaussian (in blue) or Lorentzian (in red) line shapes and with two different HWHM (half width at half-maximum), 0.01 and 0.05

eV, respectively.

4.3. AFC Spectra for S1 and S2 States. Comparison of
OPA, TPA, ECD, and TPCD Signals. An experimental ECD
spectrum recorded at photon energies falling in the range where
the first two excited states, S1 and S2, lie was reported for
instance in refs 31 and 32. With the aim of providing as precise
as possible vibrational assignments of the main experimental
peaks, in ref 21 we went beyond the LCM and computed the
Harmonic AFC ECD spectra for S1 and S2, including both
frequency changes and Duschinsky rotation of the normal
modes. Here, we apply the same strategy for two-photon
absorption and dichroism processes. In Figure 2, we report the
computed Boltzmann-averaged OPA, eq 5; ECD, eq 1; TPA,
eq 20; and TPCD, eq 6 spectra of R3MCP in the S1—S2 region
as obtained with the AFC vibronic model. The LCM spectra
are also shown for comparison. Data in Table 1 show that full
converged vibronic spectra have been obtained both at LCM
and AFC levels.

At the Franck—Condon level, all of the four spectra (OPA,
ECD, TPA, and TPCD) are expected to yield the same shape
because the relative heights (progressions) of the vibrational
bands depend only on the FC factors, and they are uniquely
determined for two given states of the system. The differences
in shape between spectra of different properties are due to HT
effects. Minor differences are seen in the shape of the four
signals deriving from the S2 state (apart from the overall sign,
negative for CD). The ECD, OPA, and TPA S1 signals are rather
similar, with a moderate enhancement (from ECD to TPA) of
the blue vibrational peaks, mainly due to a progression along
the normal mode 30 corresponding to the C=0 stretch.

The S1 TPCD shape is strikingly different from the other
three signals as a result of the dominance of HT contributions.
Therefore, this case will be investigated in detail below because
it represents an interesting playground to analyze the possible
combined HT and Duschinsky effects at work.

Figure 2 shows that LCM and AFC yield rather similar
spectra for S2 for all computed properties, except for a small
blue-shift of the LCM peaks with respect to the AFC ones. This
shift originates from the overestimation of the calculated
adiabatic energy difference between the minima of the S1 and
SO states. More significant differences can be found in the S1
region, most likely due to its n — z* character, as already

discussed in ref 21. Again we postpone the discussion on TPCD,
and note that for the other three signals the LCM/AFC difference
in the relative heights of the peaks is mainly due to the different
estimate of the initial and final-state equilibrium geometry
displacements by the two models. These are underestimated to
a larger extent by LCM (notice that for ECD the AFC model
provides a better agreement with the experiment*'). The
difference in the spacing between the peaks is due to the
overestimation of the excited-state frequencies by LCM.

In Figure 3, we present a detailed comparison between LCM
and AFC spectra for the rather complicate TPCD response of the
S1 state of the dominant Eg conformer (a similar comparison could
be done for the other three spectra). The spectra are plotted vis the
relative energies with respect to the 0—0 transition energy, Eq.
The latter is set to zero, to remove the trivial differences due to
different estimates of adiabatic energy difference. The top panel
of Figure 3 shows that LCM (red line) predicts a significantly
different vibrational structure with respect to AFC (black line),
especially in the region where the sign inversion takes place: two
negative peaks in AFC are replaced by a single one in LCM. LCM
is an independent-mode model, contrary to AFC where modes are
mixed by Duschinsky couplings. Beyond the latter, there are two
other possible causes for the difference of the LCM and AFC
predictions: frequencies and displacements. In fact, AFC and LCM
differ for the estimated values of the frequencies of the excited
state, that are computed by harmonic analysis of the excited-state
PES in AFC, whereas they are taken equal to those of the ground-
state in LCM. Additionally, LCM and AFC differ for the estimate
of the displacements between the equilibrium structures of the initial
and final states. In the LCM, these are computed from the excited-
state energy gradient at the ground-state geometry (exploiting the
assumption of equal frequencies for the ground and excited state),
whereas AFC obtains them directly from a geometry optimization
of the excited state.

To rationalize the role played by displacements, frequencies and
Duschinsky mixings in determining the LCM/AFC difference, we
performed a step-by-step comparison considering a harmonic
independent-mode model as LCM and modifying progressively
its parameters, displacements, and excited-state frequencies, setting
them equal to those adopted by AFC. The green curve “DISP” in
the middle panel of Figure 3 reports the independent-mode
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prediction employing the AFC displacements and the LCM values
for excited-state frequencies; the blue curve “DISP+FREQ” in the
lower panel of Figure 3 is obtained with the independent-mode
model adopting AFC values both for the frequencies and the
displacements. Inspection of the middle panel of Figure 3 indicates
that displacements account for a relevant part of the difference
between LCM and AFC spectra, because DISP and AFC show
now similar progressions, with two negative peaks in the red region
of the spectrum and a sign inversion for E—FEy, ~ 0.3—0.4 eV.
Nonetheless, the spacings between the peaks are still different, as
well as their relative intensities (most of all for the two negative
peaks). The lower panel of Figure 3 shows that allowing the
independent-mode model to consider different frequencies for the
ground and excited states (DISP+FREQ) further sensibly decreases
the difference with respect to AFC predictions. The residual
difference, still evident in the lower panel of Figure 3, is due to
the Duschinsky mixing effect; that is included in the harmonic AFC
model but it is neglected in an independent-mode model as LCM.

Because Duschinsky mixings introduce band splittings, it is
generally expected that they lead to a broadening of absorption
spectra. However, this is not necessarily true for dichroism
spectra because cancelations may happen between positive and
negative intensities. In our case, cancelations yield AFC spectra
narrower than those where Duschinsky coupling was neglected.
The small peak in the (DISPHFREQ) spectrum arising from
the 0—O transition, and disappearing in the AFC profile, see
region of E—E, around O eV, shows clearly that the FC/HT
interference due to Duschinsky mixing may have important
consequences in the case under examination.

In our previous study®**! on the ECD of R3MCP we have shown
that first-order non-Condon vibronic effects as HT may introduce
a change of sign on the chiral response of a given electronic excited
state, without having to invoke the interaction with, or the
superposition of peaks due to, other electronic states. This evidence
may have important consequences in comparisons of theoretical
and experimental ECD spectra and ultimately also in the assignment
of absolute configurations. The sign reversal in the ECD response
of R3MCP occurs only for the Ax conformer (refs 20 and 21 for
details). The latter is only in a ratio of 1:9 with respect to the
predominant Eq conformer under standard conditions, both in the
gas and solvated phases. This, together with the fact that the pre-
dicted sign change appears in a narrow energy region, limits the
chance that our prediction of refs 20 and 21 might be confirmed
any time soon by experiment, because the feature appears to be
hardly detectable, unless with a spectrometer capable of achieving
very fine resolution. In the present study, the sign reversal for the
TPCD signal occurs in the predominant Eg conformer and it
survives apparently also the convolution with the chosen spectral
line shape. Unfortunately, the TPCD signal for S1 is predicted to
be very small, below the detection limits of the techniques available
to date,'”'® and therefore once again it is highly unlikely that our
prediction might be soon confirmed by experiment. This is very
regrettable because the sign reversal takes place in an energy region
well separated from that where higher excited states absorb.

In Figure 4, we present the assignments of the FC, HT, and
TOT stick spectra for the Eq conformer of R3MCP for the S1
state, obtained with the Harmonic AFC vibronic model. Convoluted
spectra with a Lorentzian broadening of 0.05 eV are also included.
The results for the Ax conformer are shown in Figure 5. Let us
first discuss the Eg conformer. The FC contributions yield
everywhere intensities of the same (negative here) sign. The lowest
peak can be assigned to the 0—0 transition, whereas other intense
peaks are associated to a progression along mode 30 (CO stretch).
The HT peaks are both positive and negative, as we can see from
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the middle panel of Figure 4. However, strong cancelations between
the positive and negative signals yield a convoluted HT profile
showing a uniform (positive here) sign. The sign reversal survives
in the TOT spectrum even after convolution. Note that the FC/HT
interference plays an important role for the TOT intensity,
especially in the region where the sign reversal appears. Table 2,
reporting the FC, HT, and TOT intensities for some selected
vibronic transitions, highlights such a role. HT yields a positive
0—0 peak, clearly of higher intensity with respect to the negative
0—0 intensity due to FC. Therefore, the weak negative signal
resulting in the TOT profile must arise from the FC/HT interfer-
ence. Furthermore, the strong negative intensity coming from the
0—1 transition of mode 10 (out-of-plane bending of several H
atoms bound to the carbon ring) in the TOT response is likely to
arise again from FC/HT interference because FC and HT yield
comparable intensity (opposite sign, cf. Table 2) but both much
weaker than the TOT. On the contrary, the 0—1 transition of mode
30 responsible for the strongest (negative) FC intensity in the
spectrum is essentially washed out by FC/HT interference, resulting
in a positive contribution to TOT. The combined band from the
0—1 transition of mode 10 and 30 (10'30"), giving weak negative
signals in both FC and HT (cf. Table 2), is also reinforced by FC/
HT interference and it is responsible for a relatively strong negative
signal in TOT. Strong positive FC/HT interference can also be
found for the intense positive TOT signals correlated with the
progression along mode 30 (302, 30°%, 30*).

The Ax conformer shows different TPCD responses with
respect to Eq for the S1 state, with uniform positive FC and
negative (convoluted) HT signals. A sign reversal is also
observed in its TOT profile, with a positive response in the
lower-energy region changing to negative at higher energies.
The TOT signals from the 0—0, 10!, (10'30"), 303, and 30*
transitions are all strengthened by FC/HT interference to a
different extent. Before concluding, it is worth noticing that the
sign reversal for the S1 bands persists even after Boltzmann
averaging over the two conformers (red line shown both in
Figure 4 and Figure 5).

Before moving to Conclusions, let us briefly analyze the
consequences of the choice, somewhat arbitrary, of both line
shape and line width associated to our ab initio rotatory
strengths. To this end, we focus on a reference spectrum, chosen
to be the AFC TPCD spectrum yielded by the S1 state of the
Eq conformer, and we report in Figure 6 the profiles resulting
from a choice of a Gaussian or a Lorentzian line shape with
line widths of 0.01 or 0.05 eV. Whereas the fine details are
rather evidently different, the overall appearance is essentially
unaffected, and the alternation of sign unaltered.

5. Conclusions

We have presented the first study, carried out employing density
functional response theory combined with the Harmonic AFC
vibronic model, for the vibronically resolved TPCD profiles of a
typical chiral molecule, R3MCP, in the region where the first two
excited electronic states appear. Satisfactorily converged vibronic
spectra can be obtained by the effective selection scheme for the
vibronic contributions developed in refs 27 and 28. Both the
Franck—Condon and Herzberg—Teller contributions were analyzed
in detail. The TPCD spectral shape has been compared to ECD
signals taken from ref 21, and to OPA and TPA signals, and it
was shown that the predicted differences are due to HT effects.
The difference in the relative intensities and shapes of the ECD
and TPCD signals of the different states of R3MCP provides a
nice example of the complementary fingerprinting capability of
TPCD spectroscopy with respect to ECD. When considering also
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the recent advances in the experimental technique,'® it is perhaps
fair to state that TPCD might become a valuable tool in chemistry
for chiral compounds. Our study was extended to cover the region
where our calculations place the first six excited electronic states,
by resorting for states S3 to S6 to a simpler and less computa-
tionally demanding linear coupling model. Detailed comparison
between the two different vibronic models was made for S1 and
S2. We report on evidence that a change of the TPCD chiral
response can be introduced by the Herzberg—Teller vibronic effect
even when only a single electronic excited-state is involved in the
transition, which further strongly confirms our previous findings
in ECD.2*?! It is worth to notice that, strictly speaking, different
signs between the total FC and HT intensities are not a prerequisite
for sign-reversal, because this latter can be local in energy, and
take place even if the FC and HT intensities integrated over the
energy yield the same sign. Nonetheless, different signs in the FC
and HT total intensities enhance the probability that the sign reversal
might extend to an energy range large enough for the change not
to be washed out by homogeneous or inhomogeneous broadening.
The case of the S1 state of both Eq and Ax conformers represents
a clear example (data in Table 1) of this situation.
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