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Abstract

The VROA signatures of different helical conformers of heptasilane have been analyzed using an atomistic approach. Based on ab initio VROA

quantities, the decomposition scheme and its representation under the form of group coupling matrices enable us to highlight the dominant role of

the Si atoms for the modes studied. The sum of the contributions from H atoms, on the other hand, is generally negligible, often due to

compensations, whereas the heteronuclear Si–H contributions can be important. The dominating VROA signatures are mostly associated with

collective wagging, rocking, and twisting motions.
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1. Introduction

First evidenced in the 70s [1], the vibrationnal Raman

optical activity (VROA) spectroscopy has become a powerful

technique to study chiral species such as fragrances [2,3],

proteins [4–6], and natural products [7,8]. Recently, a

theoretical investigation demonstrated that the VROA signa-

tures are also specific to the helicity of synthetic polymers, and

in particular polysilane chains [9]. Like vibrational circular

dichroism (VCD) [10], its major advantage, as compared to

electronic circular dichroism and optical rotatory dispersion,

derives from the large number of vibrational signatures, each of

them being a potential marker of the molecular structure [11–

13]. On the other hand, understanding this huge amount of

structural information often requires interpretation tools

associated with theoretical simulations of the spectra. In this

respect, several computational schemes have been elaborated,

implemented and validated on model compounds [3,7–9,14–

23] in view of applications to specific problems. Moreover, a

convenient approach has been proposed by one of us [24] to

rationalize computed spectral intensities. It consists in the

decomposition of the total VROA intensity of each vibrational

mode into quasi-atomic and/or quasi-group contributions. The

approach was recently implemented as aMatlab program called

VOAView and applied to a number of organic molecules

[2,22,24]. Here, this interpretation scheme is applied to discuss

the VROA spectra of heptasilanes with different helicoidal

conformations [9]. As evidenced for the IR and Raman spectra

of conjugated quasi-linear systems [25–27], the vibrational

intensities of oligomers are expected to highlight collective

features.

The present paper is organized as follows: Section 2

summarizes the basic aspects of VROA intensities and their

atomic decompositions. The computational aspects are detailed

in Section 3. Section 4 describes the VOAView program and its

functionality. Section 5 presents and discusses the results while

conclusions are drawn in Section 6.

2. Simulation and visualisation aspects

For comparison with experiment, differential VROA

scattering cross sections are used. In the harmonic approxima-

tion, the VROA backward differential scattering cross section

per molecule, for an isotropic ensemble of molecules with a

statistical distribution of their spatial orientation, for the pth* Corresponding author.
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vibrational normal mode, and for the scattered circular

polarization (SCP) scheme, reads [28,29]:

�DndsðpÞSCP ¼ 2Kp

c

�h

2Dvp

½24b2
Gp

þ 8b2
Ap
�dV (1)

where v0 ¼ 2pn0 is the pulsation of the laser beam, vp the

pulsation of the scattered light and Dvp the difference between

the two previous pulsations.

For s in m2, the constant Kp is given by:

Kp ¼ 1

90
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VROA invariants, the anisotropic

combinations of the derivatives with respect to the

vibrational normal coordinate Qp of the optical tensors (amn,

the electric dipole–electric dipole polarizability; Alkn, the

electric dipole–electric quadrupole polarizability; G0
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the electric dipole–magnetic dipole polarizability), have the
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They can be expressed in terms of mono- (Jaa,p) and di-

nuclear (Jab,p) invariant terms:

Jp ¼
XN
a;b

X3
i; j

Lxai;pVðJÞai;b jLxb j;p (5)

¼
X
a;b

Jab;p (6)

where Lx is the Cartesian displacement matrix of the normal

modes normalized so that
P

a;imaðLxai;pÞ
2 ¼ 1 and with Vai;b j

for J ¼ b2
G or b2

A given by:
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In the above summations, the indices a and b stand for atoms

while i and j are used for Cartesian components (x, y, z). emlk is
the antisymmetric unit tensor of Levi-Civita.

The group coupling matrices (GCM) introduced in [24]

provide a tool to represent the self-contributions of each atom

(Jaa,p) to the VROA intensity as well as the contributions

arising from coupling between atoms (Jab,p). Using straightfor-

ward summations, these definitions can be generalized to

groups of atoms. For Raman, the GCM are symmetric, and for

ROA, in general non-symmetric matrices, with a dimension

equal to the number of atoms or groups of atoms. The diagonal

terms are mononuclear or intragroup while the off-diagonal

terms are di-nuclear or intergroup, respectively. As only the

symmetric part contributes to the total intensity of vibrational

mode, they are best represented by upper triangular matrices,

with off-diagonal elements equal to the sum of the two off-

diagonal halves of the full matrix. Instead of numbers, the cases

contain circles. The surface of the circles is chosen proportional

to the Jab,p values whereas their color is related to their sign.

The factor of proportionality is tunabled but fixed throughout

this work for consistency of their analysis.

3. Computational aspects

The normal modes of vibration and their frequencies have

been determined adopting the analytical coupled-perturbed

Kohn-Sham [30] procedure and the 6-31G* [31] basis set. The

hybrid B3LYP exchange-correlation functional has been

selected owing to its recognized performances [32]. To account

for missing electron correlation and anharmonicity effects, a

multiplicative factor of 0.96 [32] is employed to scale the

B3LYP vibrational frequencies.

A combination of analytical and numerical differentiation

techniques has been employed to evaluate the first-order

geometry derivatives of the optical tensors entering into the

expression of the VROA invariants. These quantities have been

calculated within the TDHF scheme [33,34] using the aug-cc-

pVDZ [35] basis set following recommendation of previous

investigations [9,20,21]. In the case of the (@amn/@x) and (@Alkn/

@x), fully analytical procedures have been used [36,37]. The

derivatives of the electric dipole–magnetic dipole polarizability

(G0
mv) with respect to Cartesian coordinates are evaluated

numerically. This is accomplished using a finite distortion

procedure where the dynamic G0
mv tensors are evaluated for

distorted structures obtained by displacing each atom along the

x, y and z axis. Four amplitudes of distortion have been used:

�0.005 and �0.010 Å, and a Romberg iteration has been

employed to remove higher-order contaminations and therefore

to achieve a sufficient accuracy on the numerical derivatives

[38]. The G0 tensors have been evaluated analytically at the

TDHF level using the Gauge-Invariant Atomic Orbital (GIAO)

approach [39,40].

The calculations have been performed using both the

GAMESS [41] and GAUSSIAN03 [42] quantum chemistry

packages. The GAMESS program was used to get the

analytical geometry derivatives of the (@amn/@x) and (@Alkn/

@x) optical tensors. GAUSSIAN03 was used to evaluate the

TDHF optical activity tensors for distorted molecular

geometries along the Cartesian axis as well as to determine

the vibrational normal modes and frequencies. The typical

532 nm incident light wavelength has been adopted in all

optical tensor calculations. A Maxwell–Boltzmann T-depen-

dent factor has been added to Eq. (1) with T = 298.15 K. In the

spectra, each transition is represented by a Lorentzian function

with a FWHM of 5 cm�1.
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4. VOAView

The Matlab code used in this paper to generate the atomic

displacements and the pictures of the group coupling matrices

is part of a graphical package called VOAView. Its main goal is

to provide a tool to facilitate the interpretation of the vast

amount of data available from the computation of Raman,

ROA, IR and VCD.

VOAView uses its own input format. Different parsers are

available to read outputs from the GAMESS, DALTON and

GAUSSIANprograms. Themainwindow allows the user to have

a look at, and to rotate the calculatedmolecular structure.Atomic

contribution patterns (ACP) and group couplingmatrices (GCM)

[24] are calculated internally. The groups for a GCM can be

generated by a user friendly interface: they can be formed by a

simplemouse click on the pertinent atoms.Conversely, a click on

an element of a GCMhighlights those atoms in amoleculewhich

give rise to it. This is shown in Fig. 1.

5. Results and discussion

Fig. 2 displays the SCP spectra of the three helical

conformers. The normal modes from 200 to 470 cm�1 present

themost intense and distinct VROAbands and are themain focus

of this analysis. Representations by spheres centered on nuclei,

with surfaces proportional to the displacements, are displayed in

Fig. 3. The GCMs for four choices of group distributions are

shown in Figs. 4–7. In the first one, a group is made from a SiH2

(or SiH3) unit so that the whole system is divided into seven

groups. In the second one, there are only two groups, onewith all

Si atoms, the other with all H atoms. In the last two GCM

representations, the Si and H atoms are treated separately. In the

case of the Si atoms, there are seven groups, each containing one

atom,while in the case of theHatoms, there are also sevengroups

but with each containing the two or three H atoms attached to an

individual Si atom. These representations are provided for a

selection of modes, associated with the intense couplet around

450 cm�1 (see below), the other ones, for space consideration,

are given as supplementary materials available on the site

available on Journal Spectroscopy website see Appendix A.

The different frequency ranges of the VROA spectra

between 200 and 470 cm�1 have been successively studied.

First, an intense couplet in the vicinity of 450 cm�1, due to

collective motions, has been considered. It corresponds to the

normal modes 21 and 22 for the TGTG conformer, 20 and 21

for the TGTG’ conformer, 20 and 22 for the GGGG conformer.

For all conformers, these modes are characterized by out-of-

phase wagging motions of the H atoms together with Si–Si

stretching motions. Going towards lower vibrational frequen-

cies, the modes presenting large VROA intensities have

rocking and twisting characters. Indeed, for the TGTG

conformer, mode 18 is a mixing of rocking and twisting

motions of the H atoms together with a slight Si–Si stretching.

Mode 16 is mostly rocking motions of the H atoms combined

with twisting motions of the central SiH2 unit and Si–Si

stretching. Mode 14 corresponds to rocking displacements in

one halve of themolecule. For TGTG’,mode 16 corresponds to

rocking motions with twisting of the central SiH2 unit. Mode

Fig. 1. Illustration of the user-friendly graphical interface used in VOAView. A

simple mouse click on an element of the GCM highlights those atoms of the

molecule giving rise to it. In this particular case, atoms colored in red belong to

group 2 and those colored in yellow belong to group 5.

Fig. 2. Simulated VROA backward spectra of TGTG (top), TGTG’ (center),

and GGGG (bottom) heptasilanes. The vibrational normal coordinates have

been evaluated at the B3LYP/6-31G* level whereas the polarizabilities and their

geometry derivatives at the TDHF/aug-cc-pVDZ level. Each transition is

represented by a Lorentzian function with FWHM of 5 cm�1. The optical

wavelength is 532 nm and a multiplicative factor of 0.96 is used to scale the

vibrational frequencies.
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15 is a combination of rocking motions with Si–Si stretching

motions. Modes 13 and 14 are mostly rocking motions. Then,

for the GGGG conformer, mode 18 involves rocking motions

of the three central SiH2 units. Modes 16 and 17 are also

rocking motions but they spread over the whole molecule.

Mode 15 is the equivalent of mode 18 in the TGTG conformer.

Mode 14 consists of rocking motions. In mode 23 and higher

frequency modes, the units also exhibit wagging and rocking

Fig. 3. Representation of the atomic displacements associated with vibrational normal modes of TGTG (left), TGTG’ (middle), and GGGG (right) heptasilanes of the

intense couplet at about 450 cm�1. The vibrational normal coordinates have been evaluated at the B3LYP/6-31G* level. The direction of atomic displacements is

perpendicular to the junction plane between the two hemispheres of distinct color while their amplitudes are proportional to the sphere surface.

Fig. 4. Representation of the GCMmatrix elements of the intense couplet at about 450 cm�1 for the seven SiH2 (SiH3) groups. Indices of the matrices are associated

to the corresponding units of TGTG (left), TGTG’ (middle), and GGGG (right) heptasilane chains.
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Fig. 5. Representation of the GCM matrix elements of the intense couplet at about 450 cm�1 for the two sets of atoms. The first indice is associated to the Si atoms

while the second to the H atoms of TGTG (left), TGTG’ (middle), and GGGG (right) heptasilane chains.

Fig. 6. Representation of the GCMmatrix elements of the intense couplet at about 450 cm�1 for the seven groups of Si atoms. Indices of the matrices are associated to

the corresponding units of TGTG (left), TGTG’ (middle), and GGGG (right) heptasilane chains.
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motions but, as explained further, they are associated with

smaller VROA intensities.

For the 450 cm�1 couplet, it is evident from Fig. 5 that the

combination of Si motions, together with the gradients at the Si

nuclei, make the largest contributions to the VROA intensities.

The next contribution, in magnitude, is heteronuclear and

originates from the coupling between the H and Si motions. The

homonuclear H contributions, in contrast, are negligible. The

dominance of the Si contribution is also visible from the

comparison of Fig. 4 with Fig. 6, where one must take into

account that Fig. 4 is the sum of Figs. 6 and 7 and all the cross-

terms between Si and H atoms.

For mode 18 in the TGTG conformer, the Si homonuclear

interactions (Fig. 6 of supplementary materials) leading to the

important negative VROA intensity are associated with pairs of

non-bonded Si atoms: Si1-Si4, Si1-Si5, Si2-Si4, Si2-Si5 and their

symmetrical analogs Si7-Si4, Si7-Si3, Si6-Si4, Si6-Si3, which

shows that VROA intensity generation can also have a long-

range character. Nevertheless, the contributions of the SiH2

groups are different from the Si ones since the symmetry in the

matrix is broken. Indeed, the heteronuclear Si–H contributions

present another pattern such that the important negative values

associated with the SiH2/SiH3 units are finally associated with

unit 2 interacting with units 5, 6 and 7; with unit 3 interacting

Fig. 7. Representation of the GCMmatrix elements of the intense couplet at about 450 cm�1 for the seven groups of H atoms. Indices of the matrices are associated to

the corresponding units of TGTG (left), TGTG’ (middle), and GGGG (right) heptasilane chains.

Table 1

Decompostion of the backward differential scattering cross section for TGTG conformer in terms of Si-atoms, H-atoms and coupling terms between Si- and H-atoms

Mode �Dnds(p)Si (10
�17 Å2/sr) �Dnds(p)H (10�17 Å2/sr) �Dnds(p)Si–H (10�17 Å2/sr) �Dnds(p)SCP (10�17 Å2/sr)

12 0.0363 0.2596 �0.0349 0.2610

13 0.0382 0.2052 0.2133 0.4567

14 1.3186 0.3161 1.0772 2.7119

15 0.9609 �0.1152 �0.9706 �0.1249

16 �1.9634 0.0942 �0.0874 �1.9566

17 �0.2379 �0.1486 0.9559 0.5694

18 �2.6866 �0.0303 �1.0057 �3.7226

19 �0.2771 �0.0364 0.6278 0.3143

20 2.7186 0.0402 �0.7009 2.0579

21 3.9196 �0.0193 0.2970 4.1973

22 �2.7867 �0.0247 �0.0233 �2.8347
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with units 5 and 7; and finally with unit 4 interacting with units

5, 6, and 7. This effect is due to the heteronuclear Si–H

contributions, which are, however, about three times smaller

than the homonuclear Si contributions. For the GGGG

conformer, more than for the other conformers, Figs. 4 and

6 of supplementary materials present a somewhat different

picture, since in this case the individual homonuclear H terms

are almost as large as the homonuclear Si contributions. Most

homonuclear Si contributions, however, have an identical sign

and so add up to large VROA, whereas for the H atoms, the

signs differ and contributions therefore tend to cancel. There is,

moreover, an interesting sign alternation with the distance for

the H contributions. This pattern is found for modes 12, 13, 15,

16, and 17 of the GGGG conformer as well as for modes 12, 13

of the TGTG conformer. The TGTG’ conformer does not

present similar GCM characteristics.

Tables 1–3 provide a numerical comparison of the

contributions which the Si-atoms, the H-atoms, and the

coupling terms between Si- and H-atoms make to the SCP

scattering cross-sections in the modes with a collective

character in the different conformers.

6. Conclusions

The VROA signatures of different helical conformers of

heptasilane have been analyzed using the atomistic approach

proposed in Ref. [24]. Based on recent calculated VROA

intensities [9], the GCM decomposition scheme, together

with a graphical representation of the matrices, enable us to

highlight the dominant role which the Si atoms have for the

VROA generation for the modes we consider, as well as

the expected collective character of these vibrations. On the

other hand, the contributions from the H atoms are generally

negligible whereas the heteronuclear Si–H contributions can

be of importance, although they do not exhibit a similarly

regular pattern as the Si contributions do. The dominating

VROA signatures are mostly associated with wagging,

rocking, and twisting motions. Future investigations will

encompass the comparison between oligosilanes and alcanes

as well as the study of isotopic substitutions. In addition, they

will bridge the gap between model helical systems and

real systems where substituents induce preferential handed-

ness of the helices. Among these compounds, polypropylene

chains with bulky substituents at their extremities adopt a

helicity determined by the configuration of the terminal

carbon atom.
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�17 Å2/sr) �Dnds(p)H (10�17 Å2/sr) �Dnds(p)Si–H (10�17 Å2/sr) �Dnds(p)SCP (10�17 Å2/sr)
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