Accurate simulation of Resonance-Raman
spectra of flexible molecules: an internal

coordinates approach

Alberto Baiardi,*t Julien Bloino,*' and Vincenzo Baronef

tScuola Normale Superiore, Piazza dei Cavalier: 7, I-56126 Pisa, Italy
T Consiglio Nazionale delle Ricerche, Istituto di Chimica dei Composti OrganoMetallici
(ICCOM-CNR), UOS di Pisa, Area della Ricerca CNR, Via G. Moruzzi 1, I-5612/ Pisa,

Italy

E-mail: alberto.baiardi@sns.it

Abstract

The interpretation and analysis of experimental resonance Raman (RR) spectra
can be significantly facilitated by vibronic computations based on reliable quantum
mechanical (QM) methods. With the aim of improving the description of large and
flexible molecules, our recent time-dependent formulation to compute vibrationally re-
solved electronic spectra, based on cartesian coordinates, has been extended to support
internal coordinates. A set of non-redundant delocalized coordinates is automatically
generated from the molecular connectivity thanks to a new general and robust pro-
cedure. In order to validate our implementation, a series of molecules has been used
as test cases. Among them, rigid systems show that normal modes based on carte-
sian and delocalized internal coordinates provide equivalent results, but the latter set
is much more convenient and reliable for systems characterized by strong geometric

deformations associated to the electronic transition. The so-called Z-matrix internal



coordinates, which perform well for chain molecules, are also shown to be poorly suited

in presence of cycles or non-standard structures.



1 Introduction

Raman spectroscopy and its resonant (RR) counterpart, in which the incident light matches
an electronic transition to a so-called intermediate state, are increasingly used for the analysis

15 and/or technological interests,% not to mention cultural

of complex systems of biologica
heritage,”® where it is nearly systematically employed. In particular, RR shows enhance-
ments of the scattered intensity by factors of 10% to 10° with respect to the conventional
non-resonant Raman spectroscopy (also referred to as nRR in the following), and only the
intensities of the vibrational modes associated to intense vibronic transitions between the
initial and intermediate electronic states are actually observed.®!? As a consequence, it is
possible to analyze specific regions of the whole molecular system by tuning the incident ra-
diation to match the corresponding electronic transitions localized on the target moiety. 1112
The initial and final states of a RR transition are different vibrational levels of the same
electronic ground state, but the spectrum will change depending on the intermediate elec-
tronic state.'® As a consequence, a RR spectrum conveys information about both ground
and excited electronic states with a resolution much higher than that of the corresponding
one-photon absorption (OPA) spectrum. The main drawback of RR with respect to nRR or
infrared (IR) spectroscopies is the lack of simple selection rules** with the consequence of
being more difficult to interpret. In this connection, quantum-mechanical (QM) simulations
can play an invaluable role, provided that they are able to take into account all the effects
(stereo-electronic, vibronic, environmental), which contribute to the overall spectrum.!31
Methods rooted into the density functional theory (DFT) and its time-dependent extension
(TD-DFT) are robust enough to provide reliable electronic structure results.'®'® Besides,
their coupling with molecular mechanics (MM) force fields'®?° and polarizable continuum
models (PCM)?1?2 to embed the active region (e.g. the chromophore) to get a reliable de-
scription of the environment are paving the way to the treatment of larger and larger systems
23-25

both in the gas phase and in solution.

Regarding the actual computation of vibronic spectra, both time-independent (TT)?¢28



and time-dependent (TD)?3! routes have been proposed. In order to provide a compre-
hensive and easy-to-use tool to carry out such calculations, a platform has been built in our
group, supporting both routes and including all the terms playing a significant role at the
harmonic level, namely the Franck-Condon and Herzberg-Teller effects, including normal

modes mixing, also known as Duschinsky mixing, between the electronic states involved in
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the transitions, as well as the leading anharmonic contributions. The two approaches
(TT and TD) are often complementary in most spectroscopies, such as OPA, with the former
providing details for the band assignment and allowing the simulation of high-resolution
band-shapes (narrow bands), while the latter offers a straightforward inclusion of tempera-
ture effects and does not suffer from the problem of truncation of infinite summations. '® For
the spectroscopy of interest here, that is RR, both TI and TD routes provide the same set
of information so that the choice of one over the other depends on its numerical stability. In
this regard, the time-dependent formulation can be preferred due to the difficulty of assessing
the reliability of the prescreening used to choose the most relevant transitions in the infinite
summations present in the time-independent case.

The most reliable and robust vibronic models developed until now for large systems have
been based on cartesian normal modes, easier to handle in black-box implementations for any
kind of semi-rigid system. However, internal coordinates are much more effective for flexible
systems or in presence of large deformations between the ground and excited electronic
states. Even if some pilot studies have been performed for OPA spectra employing internal
coordinates with promising results,3**! to the best of our knowledge, RR spectra have
not yet been investigated in this connection. Moreover, black-box procedures generating
non-redundant internal coordinates have not yet been applied to vibronic computations.
However, in our opinion this is a mandatory condition for the systematic use of this approach
on large systems. Starting from current approaches for geometry optimizations employing
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redundant internal coordinates built automatically from the molecular connectivity, we

have devised a general procedure to define a set of non-redundant coordinates. On these



grounds, we report here the first RR spectra obtained from this new procedure employing
delocalized internal coordinates and including all the harmonic contributions in a general
TD framework. Inclusion of solvent effects by means of PCM is also considered.

The paper is organized as follows. The theoretical background is summarized in sec-
tion 2, with special reference to the definition of the harmonic TD model in internal co-
ordinates, and to the selection of a non-redundant subset of the latter. The computa-
tional details are presented in section 3. Three test cases (5,6-dimethyluracil, imidazole and
tris(bipyrimidine)ruthenium(II) chloride) are discussed in section 4, while conclusions and

perspectives are collected in section 5.

2 Theory

2.1 Simulation of the RR spectra

The experimental quantity, which is usually reported from a Raman experiment is the dif-
ferential cross section o, which is proportional to the scattered intensity I(wy,ws), which
in turns depends on the incident and scattered frequencies, w; and wy, respectively. I is

related to the transition polarizability tensor a*/ through the following expression:
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where, for the sake of simplicity, we have assumed that the polarization of the incident
light is perpendicular to the direction of scattering, and that the scattered light is unpolar-
ized. The three invariants a (mean isotropic polarizability), g (symmetric anisotropy) and
d (symmetric anisotropy) are related to the elements of the transition polarizability tensor

through the following expression:?



(o + oz’f + o)

o], = aif |* + a2l — [ + |aif — aif )

+
Akloo%lwleoalH

zx

(!o/f ~|—a’f + ‘O/f +0/f + |oz’f +o/f >

— aif* + [ail - " + o — af])

Different routes to calculate o’/ have been proposed. Among them, let us recall the
so-called time-independent (TI) methods, in which the polarizability tensor is calculated as

a sum over all the vibrational levels of the intermediate electronic state, reported below:
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where the initial and intermediate electronic states are labelled as 0 and m, ~ is the
lifetime of the latter (and assumed independent of the vibrational state), and u;, , is the
transition electric dipole moment between them. Finally, | ;) ) and |1y ) are the vibra-
tional levels involved in the Raman transition, whereas | 1,y ) are vibrational levels of the
intermediate state.

The infinite summation involved in equation 3 requires a selection of the intermediate
levels, giving the main contributions to /. Conversely, a time-dependent (TD) formulation
can be derived starting from equation 3.? The tensor o’ can be expressed as the half-Fourier
transform of the time-dependent transition dipole moment cross-correlation function, that
is:
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where w,q is the adiabatic energy separation between the electronic states and e~ ilmt/h

is the time evolution operator on the intermediate state PES. As shown in the pioneering



work of Heller and co-workers, > the cross-correlation function can be computed analitically
at different levels of approximations. Even if semi-classical theories have been used to sim-

46718 also full-quantum expressions

ulate the time-evolution of the cross-correlation function,
have been derived by Heller,*? by neglecting temperature effects and using the harmonic
approximation. Even if those accurate formulations have been available for thirty years,
the application of the TD theory to the simulation of RR spectra has been usually limited
to approximated models, neglecting either frequency changes between the two electronic
states® or mode-mixing effects.?%°! Only recently, the inclusion of those effects, as well as
the extension to Herzberg-Teller contributions, have been discussed.3!:5%53 Similarly, we have
extended our general time-dependent framework, previously derived for the calculation of
one-photon spectra®® and based on the Feynmann path integral theory, to the calculation of

RR spectra.® Thanks to its generality, both mode-mixing and Herzberg-Teller effects could

be straightforwardly included within this framework.

2.2 Harmonic models in internal coordinates

In order to make the discussion below easier to follow, it is necessary to introduce at this
point some general aspects concerning the description of the vibronic transition. Indeed, the
PESs of the initial and intermediate states are different as the molecule undergoes changes
upon the electronic transition and their respective minima may not be superimposed. Due
to the limitations of the harmonic approximation of the PES, one needs to choose between
two representations. In the adiabatic models, the PES of the intermediate state is expanded
about its own equilibrium position (Adiabatic Hessian, AH), while in the vertical ones it is
expanded about the equilibrium geometry of the initial state (Vertical Hessian, VH). In both
cases, simplified models, where mode-mixing effects are neglected, can be derived (Adiabatic
Shift, AS and Vertical Gradient, VG, respectively).?*3* In the following, we will mostly
consider adiabatic models to describe the vibronic transition.

Within the vibronic models presented above, the molecular vibrations are expressed in
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terms of cartesian normal modes. However, as noted by various authors,
coordinates are often ill-suited for the study of large, flexible molecules since large-amplitude
normal-modes are poorly described in terms of linear combinations of cartesian coordinates.
A remarkable improvement is obtained by using an appropriate set of internal coordinates.
However, in order to support a more general, non-orthogonal coordinate set, the available
theoretical framework must be generalized. In fact, when normal modes are expressed in
terms of a curvilinear set of internal coordinates, the matrix J defining the rotation of normal
modes from the initial to the final (or intermediate) electronic state can be significantly
different, with the possibility of not being orthogonal anymore. An effective definition of
the so-called Duschinsky transformation in terms of non-orthogonal coordinates has been
proposed by Reimers,?® based on the well-known Wilson theory of internal coordinates. '

First of all, the non-orthogonal internal coordinates s are expanded as Taylor series in power

of the cartesian ones x:
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The Jacobian of the transformation between the coordinate set x and s is usually called
the Wilson matrix B, whose elements are B;; = (Js;/ 8x]~)eq, whereas the tensor containing
the second-order terms (9%s;/ 0x;07y),, is usually referred to as B'. In the following, we will
call linearized internal coordinates the first-order approximation of the internal coordinates in
terms of the cartesian ones. The B matrix is sufficient to transform the gradient (g) between
cartesian and internal coordinates. However, both B and B’ are required to obtain the
Hessian matrix in internal coordinates Hg starting from the Hessian in cartesian coordinates
H,.,%"58 except for stationary points of the PES, where only B needs to be computed,*! and

the transformation is given by the following relation:



H, = B'H,B (6)

Since in the following we will focus on adiabatic models, equation 6 can be safely used.
Let us introduce also the Wilson matrix G, defined as G = BM !B’ which is the zeroth-
order approximation of the metric matrix of the curvilinear coordinate set, and M is the
diagonal matrix of the atomic masses. Finally, the internal coordinate normal modes Lg are
the eigenvectors of the GHg matrix. 4% Since GHj is, in general, non-symmetric, Lg is not
orthogonal.

The Duschinsky matrix and the shift vector in internal coordinates, Js and Kg respec-
tively, can be calculated following the same strategy as in the cartesian case, with their final

expressions given as,

1I:‘s K = ]TJs_1 (geq — Seq) (7)

where quantities relative to the initial state (also the final one) are labelled with a single
overbar, and the ones relative to the intermediate state with a double overbar. Note that
here, masses are not present in the definition of the shift vector Kg. Furthermore, this
expression for the Duschinsky matrix holds only for adiabatic models. As already pointed
out,*! for adiabatic models, it is possible to express Lg in terms of Ly, the transformation

matrix between the mass-weighted normal coordinates and cartesian coordinates, as follows:

L, = BM V2L, (8)

Starting from equation 8 and using the relation given in equation 7, Jg can be easily

expressed in terms of the cartesian normal modes as follows:

J, =LIM'?B'BM /2L, (9)



As a consequence, J, = Jg only when BB = I. The previous equality does not
hold in the general case, since internal coordinates are curvilinear, and therefore the B
matrix changes with the reference geometry. Let us remark that the difference between B
matrices calculated at two different geometries is negligible only for slight distortions from
the equilibrium position, and only in this case is the Duschinsky matrix equal in both internal
and cartesian coordinates. However, when large-amplitude distorsions are present, Jx and
Js can be significantly different.

Let us consider now the definition of K given in equation 7, which holds for both adia-
batic and vertical models. In the adiabatic case, the equilibrium geometry of the intermediate

state Seq is calculated explicitly and equation 8 can be used to express the shift vector as,

K, = LIMY2B ™! (Soq — Seq) (10)

Hence, K, = K only when Sqq — Seq = B (Xeq — Xeq)- This is not the case for adiabatic
models, since the curvilinear internal coordinates corresponding to the equilibrium geome-
tries of the two electronic states are calculated explicitly, and are in general different from
their linearized approximations.

Regarding vertical models, we will limit our discussion to the Vertical Gradient approx-
imation here. In this setting, the Hessian of the intermediate state is assumed to be the
same as the initial state’s (J = I), and the equilibrium geometry S, is extrapolated using
34

the intermediate state gradient. Following the same procedure as in the cartesian case,

and using the internal coordinates gradient g instead of the cartesian one g,, K is given

by:

K, = —Q g, = -QL7g, (11)

S

where g4 is the gradient of the intermediate state expressed in terms of the final state’s

curvilinear normal coordinates and €2 is the diagonal matrix containing the frequencies along

10



the diagonal. By using equation 8 to write Lg in terms of Ly, and employing the well-known
relation between the gradient in internal and cartesian coordinates g, = B”g_, it is possible
to prove that, at the VG level, the definition of the shift vector is the same in cartesian and
internal coordinates. As a consequence, in the following, the coordinate set used in VG
calculations will not be specified. This strict equivalence has been overlooked in previous

40,41,61,62

studies and explains the claimed accuracy of the VG implementation in cartesian

coordinates.

2.3 Selection of non-redundant internal coordinates

The relations given in equation 7 hold if the internal coordinate set is non-redundant, and
therefore B is a square, invertible matrix. However, while the definition of cartesian coor-
dinates is univocal, internal coordinates are usually redundant, since their number is larger
than the vibrational degrees of freedom of the molecule. As a consequence, a non-redundant
subset must be defined before performing any vibronic calculation. Let us remark that this
step is not univocal, and different non-redundant sets of internal coordinates can be defined
starting from the same initial redundant set.

In the following, we will use as redundant set of coordinates the so-called primitive
internal coordinates (PICs), which includes all bond lengths, valence angles and dihedral
angles, and are defined univocally once the molecular topology is built. Furthermore, for
each tri-coordinated center, a symmetric out-of-plane coordinate is added.

Once the PICs are built, a procedure to extract a non-redundant subset of coordinates
must be provided, for instance, by using the schemes adopted by geometry optimization
algorithms. 426364 However, even if some of these approaches have been applied to compu-
tational spectroscopy,® % the systematic analysis of their reliability in the field of vibronic
spectroscopy has been scarce.

In this work, we will use two different non-redundant sets of internal coordinates. The

first one is built from the so-called Z-matrix internal coordinates (ZIC),™ and includes all

11



the variables defined in a Z-matrix. This set is non-redundant since, for non-linear molecules,
a standard Z-matrix provides N, — 1 stretchings, N,; — 2 bendings and N, — 3 torsions. As
a consequence, the total number of internal coordinates is equal to the number of vibrational
degrees of freedom (Ny,). ZICs have been widely used in geometry optimization algorithms,
but some limitations make their general use difficult. ™ First of all, it is not straightforward to
build a complete, non-redundant Z-matrix in an automatic way, especially for large systems,
which make ZICs ill-suited for black-box, automatized implementations. Next, when dealing
with molecules characterized by a complex topology (like cycles or condensed rings), the
efficiency of optimization algorithms using Z-matrix coordinates is usually poor and can only
be improved by building ad-hoc Z-matrices, for instance with the help of dummy atoms. 77!
The second set of non-redundant internal coordinates which will be used here is built

4243 whose definition is based on

from the so-called delocalized internal coordinates (DICs),
the singular value decomposition (SVD) algorithm to identify the redundancies. In order to

understand how it works, let us consider the matrix BB? that we want to diagonalize:

(BB")v=vA (12)

The columns of v are the eigenvectors v; and A is the diagonal matrix of the eigenvalues.
It can be proven that the number of non-zero eigenvalues of A is equal to the number of
independent degrees of freedom of the PICs, and is therefore equal to Ny, if the PICs are
correctly defined. Furthermore, the eigenvectors corresponding to non-zero eigenvalues define
a non-redundant set of internal coordinates s’, which can be expressed as linear combinations

of the s coordinates,

s'=v7s (13)

where v is a npre X Ny, matrix, whose columns are the eigenvectors of BB? corresponding

to non-zero eigenvalues. This set of internal coordinates is usually referred to as delocalized

12



since it includes in general coordinates where PICs of different type and localized on different
sites of the molecule are mixed. In this connection, it is noteworthy that the property outlined
above still holds even by using BuB” instead of BB”, where u is a general, non-singular
nprc X nprc matrix and, by changing u, different sets of internal coordinates are obtained. 6472
However, in this work only the standard DICs will be used.

In conclusion, it should be remarked that, in order to generate DICs, the equilibrium
geometry of one of the two electronic states is taken as a reference to build the Wilson matrix
B and the resulting internal coordinate set is then used to describe both electronic states.
This issue is not present in the simulation of other vibrational spectroscopies (like infrared,

vibrational circular dichroism or non-resonant Raman) or in geometry optimizations, since

in those cases only one reference geometry is present.

3 Computational details

All electronic structure and vibronic spectra calculations were performed with the develop-
ment version of the GAUSSIAN suite of quantum chemical programs. ™ The density functional
theory (DFT), for the ground states, and its time-dependent extension (TD-DFT), for the ex-
cited states, were used for the electronic calculations, using the BSLYP exchange-correlation
functional. ™ The SNSD basis set,® developed in our group to study spectroscopic properties
of medium- and large-size molecular systems, has been used. This basis set has been built
from the polarized double-¢ basis set NO7D, %" with the inclusion of diffuse s functions on
all atoms, and one set of diffuse polarization functions (d on heavy atoms and p on hydro-
gens) and aims at providing a good balance between accuracy and computational cost. For
the sake of coherence with our previous works,”® the aug-cc-pVTZ basis set ™ has been used
for all calculations on imidazole.

Solvation effects have been included in the QM calculations by means of the polarizable

continuum model (PCM).?28 In particular, its integral-equation formulation (IEF-PCM)
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has been used®' and the solute cavity has been built by using a set of interlocking spheres
centered on the atoms with the following radii (in A): 1.443 for hydrogen, 1.926 for carbon,
1.750 for oxygen and 1.830 for nitrogen, each scaled by a factor of 1.1, which is the default
value inside GAUSSIAN. The value of the solvent static and dynamic dielectric constants used
for water in all the calculations are e = 78.36 and €., = 1.78 and the equilibrium solvation
regime was adopted. A more detailed discussion regarding the choice of the equilibrium
regime in the simulation of RR spectra can be found in ref.54"®

Let us remark that, for all TD-RR calculations, only the intensities of the fundamental
bands have been computed. Furthermore, following the computational procedure presented
in our previous work,’® a Gauss-Legendre quadrature has been implemented in order to
speed-up the calculation of the half-Fourier integral, by reducing the number of sampling
points. In all cases, a grid of 2!2 points with a time spacing of 2.44- 1076 s gave a complete
convergence of the integral. Finally, a damping constant of 100 cm™! has been used in all
simulations, in agreement with previous works.®? With higher values for ~, the intensity of
each peak is scaled by a constant factor, but the overall band-shape does not change signif-
icantly. Thanks to a very effective and parallelized implementation, the actual calculation
of the vibronic spectra is done in a negligible time with respect to the generation of the
required QM data. ™83

As outlined in the previous section, in order to define the non-redundant set of internal
coordinates, the molecular topology must be built. For each case considered in the following,
two atoms X and Y are defined as bonded if their distance is shorter than 130 % of their
average XY bond length. Following the GAUSSIAN default parameters, those averages are
taken from B3LYP/6-31G(d) results. In order to calculate the Wilson matrix B for the non-
redundant set of internal coordinates, the well-known analytical expressions for the elements
of B for bond lengths, valence, out-of-plane and dihedral angles (given for example in ref. 1484)

have been used for both delocalized and Z-matrix internal coordinates. A significant speed-

up of the overall computational procedure is achieved by replacing the diagonalization of
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BB’ by its singular value decomposition (SVD). In all cases, a threshold of 10~ on the
absolute value of the eigenvalues has been used to select the eigenvectors corresponding to
non-zero eigenvalues. Finally, in every simulation, the equilibrium geometry of the electronic
ground state has been used to build the Wilson matrix B used to generate DICs.

Let us remark that, when calculated RR spectra are compared to the corresponding
experimental results, the laser wavelength used in the experiment cannot be chosen in the
simulations, since the experimental vertical excitation energy is different from the theoretical
one. Since it is generally assumed that the incident energy of the laser matches precisely the
vertical transition energy, we assume the same here and use the theoretical vertical transition
energy for wy. ™%

The graphical user interface VMS-draw,® recently implemented by some of us, has been

used to plot the vibronic spectra and to generate the graphical representation of the Duschin-

sky matrix and of the shift vector.

4 Examples of applications

4.1 5,6-dimethyluracil

The first example, which has been chosen to test the reliability of the theory described
above is 5,6-dimethyluracil (5,6-DMU), with the Z-matrix defined in table 1. The study
of the electronic properties of nucleobases is of great interest both from a practical and a
theoretical points of view."® First of all, the interaction of nucleobases and their derivatives
with UV-vis light is at the heart of most of the DNA photodamage processes, therefore the
study of the photochemical properties of nucleobase can give insights into the mechanism
of those processes. RR spectroscopy has been applied in the last years to characterize the
short-time dynamics of excited states of a large number of nucleobase derivatives.? 92 Even
if several experimental spectra are therefore available, their interpretation usually relies on

93-95

approximated models, which neglect either non-Condon or mode-mixing effects or both
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of them. However, since nucleobases usually undergo significant geometry changes upon
electronic excitation, a correct description of vibronic properties of such flexible molecules
requires the use of an appropriate coordinate system.

Here, we will focus on the RR spectrum of 5,6-DMU with an incident wavelength set
to match the Sy < Sy (n — ) electronic transition, since experimental data are available
only for the resonant case with this state.?? The equilibrium geometry of the S, state has
been calculated following the procedure outlined in the computational details, neglecting
solvent effects. As shown in figure 1, even if in both electronic states the ring is planar,
one of the methyl residues is rotated by ~ 60° upon the excitation. Figure 2 shows the
RR spectrum simulated with different models for the intermediate-state PES. As shown in
the upper left panel, the theoretical spectrum calculated at the AH level by using cartesian
coordinates is dominated by an intense band in the low-energy region, corresponding to
normal modes involving the torsion of the methyl groups. The overall band-shape calculated
at the VG level, reported in the upper right panel of figure 2, is significantly different
from the AH one in cartesian coordinates, since the low-energy intense peak is not present
anymore, while various peaks appear in the region between 800 and 2000 cm~!. Let us
recall that, when experimental results are poorly reproduced by using adiabatic models in
cartesian coordinates due to the presence of large-amplitude deformations, vertical models
in cartesian coordinates are usually employed instead to obtain more reliable results. 46!
In fact, in vertical models, the normal modes of the two PESs are defined with respect to
the same reference geometry, and, as a consequence, the inaccurate description of large-
amplitude distorsions in cartesian coordinates is partially recovered. However, in this case,
as can be shown by comparison of the upper right and the lower right panels of figure 2,
the RR spectrum calculated at the AH level by using delocalized internal coordinates is not
equivalent to the VG one. The differences between the two theoretical spectra are mainly
due to the strong influence of mode-mixing effects, and therefore the VG model is ill-suited

to reproduce the spectrum. On the other hand, use of the more refined Vertical Hessian
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model in cartesian coordinates, which includes mode-mixing effects, is not straightforward
due to the presence of four imaginary frequencies at the ground-state geometry, which would
require the inclusion of anharmonic terms in the expansion of the excited-state PES.

In order to check the accuracy of the results obtained with different coordinate systems
and models for the excited-state PES, the theoretical results have been compared to the

f.92 Since the experimental spectrum has been recorded in

experimental data, taken from re
water, solvent effects have been taken into account by means of PCM, following the protocol
described in the computational details. When solvent effects are included, the equilibrium
geometry of the excited state is significantly different since the six-term ring undergoes a
distortion from the planar geometry upon the electronic excitation, and the rotation of one
of the methyl groups is still present. The theoretical results obtained in aqueous solution
are reported in figure 3. As shown in the left panel, the agreement between the theoretical
results obtained with the AH model in cartesian coordinates and the experimental spectrum
is rather poor. Conversely, the agreement becomes significantly better when DICs are used
in the AH model, as reported in the right panel. In order to check the influence of the
internal coordinate sets, the spectrum obtained with ZICs is reported as well, in the left
panel. First of all, the Z-matrix which has been used (see table 1 for its definition) is a
standard one, and no dummy atoms are introduced in order to keep the correct symmetry
of the system. In fact, our goal is to compare the performance of automatized algorithms
for the generation of internal coordinates, and therefore, no ad-hoc Z-matrices have been
used. The ZIC spectrum reported in the left panel of figure 3 shows that the use of Z-matrix
coordinates does not improve the agreement between experimental and theoretical results.
In particular, the most intense bands are still observed in the 900-1100 cm ™! spectrum range,

L'in the DIC case and in experiment. In fact, as previously

compared to about 1700 cm™
pointed out, Z-matrix coordinates are poorly suited for the description of ring deformations,
since one of the bond lengths and valence angles involving ring atoms are not included in the

definition of the internal coordinates, and therefore DICs are more suitable when electronic
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excitations are associated to ring deformations.

In conclusion, it should be noted that slight differences between theoretical and experi-
mental results are still present, even if DICs are used. Indeed, the intensity of the bands under
1200 em™! is underestimated, and an additional band at about 1480 cm™! is present in the
theoretical spectrum. It is possible to further improve the accuracy by refining this model.
First of all, the calculations have been performed at the Franck-Condon level, and therefore
the Herzberg-Teller contributions have not been investigated. Another limitation lies in the
description of solvent effects by means of PCM, since some first-shell water molecules in-
teract specifically with the solute, which are poorly reproduced by continuum models. 2?2
Therefore, the inclusion of at least part of the first solvation shell in the QM part of the
calculation should further improve the theoretical results. However, proper generation of

intermolecular internal coordinates is still under investigation, not to mention the problem

of managing the higher number of floppy degrees of freedom to handle.

4.2 Imidazole

The second test case is imidazole, with the Z-matrix defined in table 2. Imidazole deriva-
tives are interesting as model systems for the more complex histidine molecule, so their
spectroscopic properties can provide some insights on the latter’s. Furthermore, due to the
amphiphilic behaviour of the imidazole ring, it is usually significantly sensitive to the envi-
ronment, and therefore it can be used as a probe in more complex systems, like proteins.
Among the possible spectroscopic techniques, resonance Raman has been widely used both

9698 since by tuning the incident wavelength to an electronic

experimentally and theoretically,
transition of imidazole, it is possible to enhance only the bands of the Raman spectrum lo-
calized on the imidazole ring, therefore eliminating the signals due to the environment. Like
for 5,6-dimethyluracil, the theoretical approaches used so far to reproduce the RR spectrum

of imidazole have been based on the VG model,**® thus neglecting mode-mixing effects.

The goal of this study is to compare the performance of the VG and AH models in the
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reproduction of the overall band-shape, and to analyze the effects of the coordinate system
on the theoretical results.

The incident wavelength has been set to the computed vertical energy of the first bright
excited state of imidazole, corresponding to a m — «* transition, since the most recent
experimental spectrum® has been recorded in resonance conditions with this excited state.
The theoretical spectra calculated both in vacuum and in water using different coordinate
systems are reported in figure 4. As before, PCM has been used to simulate solvent effects.
It is noteworthy that the minimum of the excited state PES in vacuum corresponds to
a planar geometry, and the difference with respect to the geometry of the ground state is
nearly negligible. Since every non-redundant coordinate system is equivalent for infinitesimal
distorsions from the reference geometry, the spectra computed with different coordinate set
are nearly superimposable, as shown in the left panel of figure 4. This equivalence of the
coordinate systems does not hold when solvation effects are included, since, in the minimum
of the excited-state PES, the five-terms ring is distorted, as shown in figure 5. In this
case, the theoretical spectrum simulated using cartesian coordinates presents very intense
bands in the region between 600 cm~' and 1000 cm ™!, corresponding to ring-deformation
normal modes, which are not present in the experimental spectrum. Here again, Z-matrix
coordinates are expected to perform poorly since a ring deformation is involved.”™ On the
other hand, when delocalized internal coordinates are used, the intensity of the bands in the
low-energy region of the spectrum decreases significantly. In order to highlight the differences
between cartesian coordinates, DICs and ZICs, a graphical representation of the Duschinsky
matrix J for the three coordinate systems is given in figure 6. It is noteworthy that the
Duschinsky matrix is significantly less diagonal when ZICs are used, especially for the low-
energy normal modes. This effect is a consequence of the poor description of those modes
using standard Z-matrices, since the inaccurate reproduction of large-amplitude distortions
introduces off-diagonal terms in J, as already pointed out in other cases.??% Similarly,

in the cartesian representation non-negligible coupling terms are present between the low-
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frequency normal modes and the high-energy ones. In conclusion, figure 7 shows a graphical
representation of the shift vector K for the three different coordinate systems. In this case,
the main consequence of the poor performance of cartesian and Z-matrix coordinates lies
in the presence of an higher number of large components of K, since many modes must be
shifted in order to describe only few large-amplitude deformations.

In order to check the reliability of different internal coordinate systems, the results ob-
tained with ZICs and DICs are compared with experimental data, taken from ref., in figure
8. Even if the experimental spectrum has been recorded in the region between 1000 and 2000
cm™!, and therefore the intense bands described above are outside this region, remarkable
differences are observed with the two coordinate sets. In fact, when Z-matrix internal co-
ordinates are used, the agreement between the theoretical and the experimental results is
poor, and some bands are missing (as, for example, the two bands around 1500 cm™!). On
the other hand, when DICs are used, even if slight discrepancies are still present between

the theoretical and experimental spectrum, it is possible to assign most of the intense bands

of the experimental spectrum.

4.3 Tris(bipyridine)ruthenium(II) chloride

As a final test the reliability of our theoretical framework, let us consider the RR spectrum
of a large-size metal complex. Indeed, since RR spectra of metal complexes are usually
simpler than the non-resonant ones, due to the possibility of enhancing selectively vibra-
tions of interest, the former technique is often preferred to study those kinds of systems.
Additionally, the intensity of the peaks of a RR spectrum can be used to estimate geom-
etry changes, as well as reorganization energies, upon electronic excitation. %% Among
the metal complexes which have been studied using RR spectroscopy, we will focus here on
Tris(bipyridine)ruthenium(II) chloride (a graphical representation of its molecular structure
is given in figure 9), which is usually considered as a model system for larger polypyridine

ruthenium derivatives. %103 In fact, thanks to its relatively small dimension, simulations
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using more refined vibronic models, involving the computation of the optimized geometry
and the harmonic frequencies of the excited state, are still feasible.

The S5 excited state, which corresponds to a metal-to-ligand charge-transfer transition,
has been considered here as the intermediate state, since most of the experimental data are
available in resonance with this electronic state.1%31% The B3PW91 exchange-correlation
functional, together with the LANL2DZ basis set, with pseudopotentials on core electrons of
Ru and diffuse functions on C, N and Ru, has been employed. This computational protocol
has been successfully applied to the study of the electronic properties a wide range of d°

105,106 and has been recently extended by some of us to the study of the

metal complexes,
vibronic properties of ruthenium compounds, 1°7 with particular focus on RR spectroscopy.®
Our works have shown that, with a refined model like AH, together with a proper inclusion
of solvent and anharmonicity effects, a quantitative agreement with experimental results can
be reached.

Delocalized internal coordinates are well-suited for the study of metal complexes, since
it is far from straightforward to build a complete, non-redundant Z-matrix for such complex
molecular topologies, which involve several cyclic moieties. The difficulty is further enhanced
if the Z-matrix must fulfill several symmetry constraints, and therefore ghost atoms must be
used. On the other hand, the generation of DICs is rather simple, since only the topology
of the complex needs to be defined.

Figure 10 shows the theoretical RR spectra of tris(bipyridine)ruthenium(II) calculated
using both cartesian and delocalized internal coordinates at the AS (left panel) and AH
levels. For both vibronic models, the spectra calculated using the different coordinate sets
are nearly superimposable. The equivalence of the two coordinate systems is mainly due
to the fact that no significant differences are present between the equilibrium geometries of
the two electronic states. As a consequence, the description of the geometry deformation
using the two different coordinate systems is equivalent, since they are indistinguishable for

infinitesimal distorsions from the equilibrium position, as already pointed out. Therefore,
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those results suggest that delocalized internal coordinates can be used as a standard in the
simulation of vibronic spectra. In fact, as shown above, when large-amplitude deformations
occur upon the electronic excitation, the results are significantly improved with respect to
cartesian models, either adiabatic or vertical. On the other hand, when the equilibrium
geometries of the two electronic states involved in the transition are similar, the results
obtained using DICs are at least equivalent to those obtained in cartesian coordinates. Fi-
nally, DICs are rather easy to build also for large-size systems, whereas the definition of
other internal coordinate systems is cumbersome for high coordination numbers, or when

the molecular topology is complex.

5 Conclusions

In this work, a general time-dependent approach for the computation of RR spectra of flexi-
ble molecules, based on the use of internal coordinates, has been presented. This model relies
on the harmonic approximation for the potential energy surfaces of both ground and excited
states, and is based on the generalization of the definition of the Duschinsky transformation
to a curvilinear, non-orthogonal set of coordinates. As illustrated with some medium-size
organic and inorganic molecules used as test-cases, internal coordinates can improve remark-
ably the agreement between calculated and experimental spectra.

In order to use internal coordinates for the study of the spectroscopic properties of large-
size molecules, an automatic algorithm to select a non-redundant set of internal coordinates
must be devised. In this work, the performance of two automatic selection routes (Z-matrix
and delocalized internal coordinates) have been tested and compared. Our results suggest
that delocalized internal coordinates outperform the Z-matrix ones, especially for molecules
with non-trivial topologies undergoing complex deformations upon the electronic excitation
(like, for example, ring deformations). This result is coherent with what has been already

shown also in the analysis of geometry optimization techniques in internal coordinates, where
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the efficiency of Z-matrix coordinates is significantly lower than that of the delocalized ones
for molecules with a complex topology. ™!

From another point of view, vertical models in cartesian coordinates are usually employed
when the results obtained with adiabatic models in cartesian coordinates are inaccurate.*!6!
However, their use is often limited by the presence of one or more imaginary frequencies of
the excited state PES at the vertical geometry, whose treatment faces a number of formal and
technical problems, especially for medium- and large-size systems. In those cases, adiabatic
models in internal coordinates could provide more reliable results, since both PESs are
expanded around their own minimum, so that no imaginary frequencies are present in both
electronic states.

Let us remark that the theoretical framework presented above requires further improve-
ments. In fact, potential energy surfaces are usually highly anharmonic along large-amplitude
normal modes, whereas our model heavily relies on the harmonic approximation. However,
when internal coordinates are used, anharmonic couplings between different normal modes
are significantly smaller with respect to the cartesian case. As a consequence, the inaccurate
description of large-amplitude vibrations at the harmonic level does not affect the descrip-
tion of the other modes. Anyway, when large-amplitude modes have a strong impact on the
experimental results, for example, if they are involved in a strong vibronic progression in
one-photon spectra, or if intense bands are present in the low-energy region of a RR spec-
trum, any fully harmonic model becomes unreliable. In order to improve the accuracy of
the theoretical results, hybrid schemes, where low-frequencies vibrations are treated at the
anharmonic level, whereas the harmonic approximation is still used for the other ones, must
be developed.

In conclusion, this work paves the route toward a systematic use of delocalized internal
coordinates for the simulation of vibronic spectra of large-size systems. In fact, the internal

coordinate framework presented above can be easily generalized to the simulation of different

one-photon spectroscopies, both at the time-dependent and time-independent level, thanks
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to a general framework introduced by some of us.3335
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Figure 1: Superposition of the optimized geometries of the Sy (in red) and Sy (in blue)
electronic states of 5,6-dimethyluracil. The Sy structure is used as reference for the atom
type definition (bottom structure).
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Figure 2: Comparison of the theoretical RR spectra of 5,6-dimethyluracil calculated by using
different coordinates system and different models for the excited state PES: AH in cartesian
coordinates (upper panel, left), VG in cartesian coordinates (upper panel, right), AH in
delocalized internal coordinates (lower panel). The intensity of each spectrum has been
rescaled with respect to the most intense band, and Lorentzian distribution functions with

an half-width at half-maximum of 10 cm~! have been applied to each peak to reproduce
broadening effects.
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Figure 3: Comparison of the theoretical and experimental RR spectrum of 5,6-dimethyluracil
(taken from ref.%?). Vibronic calculations were performed at the AH level with cartesian and
Z-matrix coordinates (left panel) and delocalized internal coordinates (right panel). Solvent
effects have been included within PCM. The intensity of each spectrum has been rescaled
with respect to the most intense band, and Lorentzian distribution functions with an half-
width at half-maximum of 10 cm™! have been applied to each peak to reproduce broadening

effects.
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Figure 4: Comparison of the RR spectrum of imidazole calculated at the AH level using
different coordinate systems: cartesian (red line), Z-matrix (green line) and delocalized in-
ternal coordinates (blue line) in vacuum (left panel) and in water (right panel). Solvent
effects have been included with PCM. The intensity of each spectrum has been rescaled with
respect to the most intense band, and Lorentzian distribution functions with an half-width
at half-maximum of 10 cm ™! have been applied to each peak to reproduce broadening effects.
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Figure 5: Superposition of the optimized geometries of the Sy (in red) and S; (in blue)
electronic states of imidazole. The Sy structure is used as reference for the atom type
definition (bottom structure).
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Figure 6: Graphical representation of the Duschinsky matrix for the 7 — 7* transition of
imidazole in water using delocalized (a), z-matrix (b) and cartesian (c¢) coordinates. The
representation is obtained as follows: the elements ij are calculated and a shade of gray is

associated to each element (i,j) in the figure based on the equivalence (0, white; 1, black).
The normal modes are sorted in increasing order of frequency.
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Figure 7: Graphical representation of the Shift vector for the m — 7* transition of imidazole
in water using delocalized (a), z-matrix (b) and cartesian (c) coordinates. On the y axis the
indexes of the normal modes, sorted in increasing order of frequency, are reported, while on
the x axis the absolute value of the associated component of the shift vector K (in Bohr x
au'/?) is reported. Red and blue bars are associated to positive and negative values of the
shift vector, respectively.
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Figure 8: Comparison of the RR spectrum of imidazole calculated at the AH level in the
region between 1000 and 2000 cm™' using Z-matrix (green line) and delocalized internal
coordinates in water. Solvent effects have been included by means of PCM. The intensity
of each spectrum has been rescaled with respect to the most intense band, and Lorentzian
distribution functions with an half-width at half-maximum of 10 cm~! have been applied to
each peak to reproduce broadening effects. The experimental spectrum is taken from ref.%
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Figure 9: Graphical representation of the structure of Tris(bipyridine)ruthenium(II) chloride
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Figure 10: Comparison of the RR spectrum of Tris(bipyridine)ruthenium(II) chloride cal-
culated at the AS (left panel) and AH levels using cartesian (dashed line) and delocalized
internal coordinates (solid line). Solvent effects have been included by means of PCM. The
intensity of each spectrum has been rescaled with respect to the most intense band, and
Lorentzian distribution functions with an half-width at half-maximum of 10 cm~! have been
applied to each peak to reproduce broadening effects.
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6 Tables

Bond length Valence angle Dihedral angle

1 I'l,g

2 a3 Q32,1

3 T34 Qg3 2 54,3,2,1
4 Iys Q543 05,432
b} I's6 006,54 06,5,4,3
6 Iy7 Q7,43 074,32
7 T'e,8 86,5 58,6,5,4
8 I39 Q932 59,3,2,1
9 T'5.10 10,54 510,5,4,3
10 111 Q11,1,2 511,1,2,3
11 I11,12 1211,1 512,11,1,2

H 9

12 11,13 Q13,111 013,11,1,2
13 I'11,14 Q14111 514,11,1,2
14 I2.15 1521 515,2,1,6
15 I'15,16 Q16,15,2 516,15,2,1
16 I'i517 17,152 0171521
17 I'i5.18 18,15,2 018,15.2.1

Table 1: Definition of the Z-matrix coordinates for 5,6-
dimethyluracil
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Bond length Valence angle

Dihedral angle

[\

o N O ot = W

Table 2: Definition of the Z-matrix coordinates for im-

idazole
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I12
Ia3
T34
I'ss
Ta6
Tq7
T's1

Tg2

Q391
Q432
0532
Q06.4,3
743
Qg 1,2

Q921

0432,1
053,21
06,4,3,2
074,32
08,1,2,3

092,13



