
Dear Colleges,

The first version of the local mode program LModeA is available. LModeA can be applied with minimal com-
putational costs after a harmonic vibrational frequency calculation, optionally using measured frequencies
as additional input, leading to a wealth of information on molecular structure and bonding. In addition a
comprehensive analysis of IR/Raman spectra can be performed. Interfaces to the most common quantum
chemical packages are available. Our vision is that both experimental and computational spectroscopists
will routinely apply LModeA in the future, enriching our chemical knowledge.

Figure 1: Flowchart of the local mode program LModeA

As shown in Figure 1, LModeA takes input information from a vibrational frequency calculation including (1)
Cartesian coordinates, (2) Hessian matrix, (3) atomic masses and (4) atomic polar tensors for intensities (if
applicable). It contains interfaces for the most commonly used quantum chemistry packages, ensuring that
LModeA is generally available and does not depend on the use of a particular quantum chemical software.
Important to note is that experimental frequencies can also be used for the analysis. The local mode
parameters to be used can be defined in terms of internal coordinates including bond lengths, bond angles,
and dihedral angles, but LModeA also supports the use of curvilinear coordinates for local mode studies
of intermediates during dynamic processes such as ring inversion, ring pseudo rotation, and bond pseudo
rotation in Jahn-Teller systems1–4 and Cremer-Pople ring puckering and deformation coordinates5 recently
applied to the study of the interplay of ring puckering and hydrogen bonding in deoxyribonucleosides.6

Other parameters include out-of-plane angles, pyramidalization angles, or parameters defined with regard
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to dummy atoms as needed for the description of strong and weak metal–π interactions. LModeA will then
produce local mode data and if requested perform a characterization of normal mode analysis. Python
scripts interface the LModeA output data to graphics software.

Please contact Dr. Marek Freindorf (mfreindorf@smu.edu) or Dr. Elfi Kraka (ekraka@smu.edu) to
receive a copy of the source code, installation instructions, manual and tutorial.

Dr. Elfi Kraka
Professor and Chair
Chemistry Department
Southern Methodist University
Dallas, TX USA
email: ekraka@smu.edu

Short description of the local mode theory:
For a comprehensive description see: E. Kraka, W. Zou, and Y. Tao. ”Decoding chemical information from
vibrational spectroscopy data: Local vibrational mode theory”. WIREs: Comput. Mol. Sci., page e1480,
2020.

With the increasing number of available high precision measured and calculated spectra, vibrational spec-
troscopy could become an excellent source for decoding the electronic structure of a molecule and for
providing a new quantitative measure of the intrinsic strength of a chemical bond. However, normal vi-
brational modes in a molecule are always coupled, therefore they cannot be used as a direct measure of
bond strength.7–9 As a suitable measure of the intrinsic bond strength, local mode force constants were
derived from the local vibrational mode theory originally developed by Konkoli and Cremer.10–14 There are
two coupling mechanisms between the vibrational modes, electronic coupling associated with the potential
energy content of a vibrational mode and mass coupling associated with the kinetic energy content. The
electronic coupling between the normal vibrational modes is caused by the off-diagonal elements of the
force constant matrix F and can be eliminated by diagonalizing F, i.e. solving the fundamental equation of
vibrational spectroscopy,15

Fq D = G−1 D Λ (1)

where Fq is the force constant matrix in internal coordinates q and G is the Wilson mass-matrix. Matrix
D collects the normal mode eigenvectors dµ and the diagonal matrix Λ collects the vibrational eigenvalues
λµ = 4π2c2ωµ, where ωµ represents the harmonic vibrational frequency of mode dµ given in reciprocal cm,
c is the speed of light, and µ = (1· · · N – L; N: number of atoms in the molecule, L = 5 for linear and 6 for
non-linear molecules). Solution of Eq.1 leads to the diagonal force constant K given in normal coordinates
Q which is free of electronic coupling:

KQ = D† + Fq D (2)

However, mass coupling is still present when the electronic coupling is eliminated by solving the Wilson
equation, a fact which has frequently been overlocked. Konkoli and Cremer10 determined for the first time
local, mass-decoupled vibrational modes ai directly from normal vibrational modes dµ by solving the mass-
decoupled Euler-Lagrange equations. The subscript i specifies an internal coordinate qi and the local mode
is expressed in terms of normal coordinates Q associated with force constant matrix KQ of Eq.2. The local
vibrational modes are unique and they can be based on either calculated or experimentally determined
vibrational frequencies.

ai =
K−1d†i

di K−1 d†i
(3)

To each local mode ai, a corresponding local mode frequency ωai , local mode mass Gai,i, and a local force
constant kai can be defined.10 The local mode frequencies can be uniquely connected to the normal mode
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frequencies via an adiabatic connection scheme.16 The local mode frequency ωai is defined by:

(ωai )2 =
Gai,i k

a
i

4π2c2
(4)

and the force constant kai by:

kai = a†i K ai (5)

Local mode force constants, contrary to normal mode force constants, have the advantage of being inde-
pendent of the choice of the coordinates used to describe the molecule in question and in contrast to local
vibrational frequencies they are independent of the atomic masses. They are extremely sensitive to differ-
ences in the electronic structure (e.g., caused by changing a substituent) and they capture only electronic
effects. As shown by Zou and Cremer17 local mode stretching force constants can be directly associated
with the intrinsic strength of a chemical bond and/or weak chemical interaction.
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ABSTRACT: Vibrational frequencies can be measured and calculated with
high precision. Therefore, they are excellent tools for analyzing the electronic
structure of a molecule. In this connection, the properties of the local
vibrational modes of a molecule are best suited. A new procedure is described,
which utilizes local CC stretching force constants to derive an aromaticity
index (AI) that quantitatively determines the degree of π-delocalization in a
cyclic conjugated system. Using Kekule ́ benzene as a suitable reference, the
AIs of 30 mono- and polycyclic conjugated hydrocarbons are calculated. The
AI turns out to describe π-delocalization in a balanced way by correctly
describing local aromatic units, peripheral, and all-bond delocalization. When
comparing the AI with the harmonic oscillator model of AI, the latter is found
to exaggerate the antiaromaticity of true and potential 4n π-systems or to
wrongly describe local aromaticity. This is a result of a failure of the Badger
relationship (the shorter bond is always the stronger bond), which is only a
rule and therefore cannot be expected to lead to an accurate description of the bond strength via the bond length. The AI
confirms Clar’s rule of disjoint benzene units in many cases, but corrects it in those cases where peripheral π-delocalization leads
to higher stability. [5]-, [6]-, [7]-Circulene and Kekulene are found to be aromatic systems with varying degree of delocalization.
Properties of the local vibrational modes provide an accurate description of π-delocalization and an accurate AI.

1. INTRODUCTION
Aromaticity and antiaromaticity are important concepts in
chemistry as they help to explain physical and chemical
properties of cyclic π-conjugated compounds.1−8 Essential to
these concepts are Hückel’s 4n + 2 and 4n π-electron rules,9,10

which associate a simple count of π-electrons with the stability
and reactivity of the π-system in question. During the last 80
years since the formulation of the Hückel rules, the concepts of
aromaticity and antiaromaticity have been probed with regard
to almost every molecular property. A multitude of methods
and procedures has been developed to define and measure the
degree of aromaticity in polyaromatic hydrocarbons (PAHs),
their heteroatomic analogues,11−18 to estimate the influence of
substituent effects on aromaticity,19−24 and to determine the
degree of aromaticity in nonplanar compounds.25−30 The
performance of the different approaches has been tested and
compared.31−33

Hückel’s original description of aromaticity was based on the
topology (see Figure 1) of the net of π-bonds in a molecule and
is the basis of molecular orbital (MO) descriptions of
(anti)aromatic systems.34,35 Clar’s sextet rule36 is another
example for the simple use of the topological features of a π-
system. It requires a maximum number of disjoint aromatic
benzene units and a minimum number of localized double
bonds in a benzenoide hydrocarbon and has provided
astonishingly reliable predictions as to the preferred delocaliza-

tion pattern of PAHs.37−40 Other topological descriptions use
double-bond equivalents (DBEs),41 chemical graph theory
(CGT),42−45 multicenter indices such as the ring center index
Iring,

46 the multicenter index MCI,31,47−49 or the electron
localization−delocalization matrix (LDM).50,51

More advanced approaches have used thermochemical
properties (Figure 1) such as the molecular energy (enthalpy)
to define a resonance or aromatic stabilization (aromatization)
energy ASE and relating this energy to the thermodynamic
stability of a conjugated system.52−57 Similarly, the topological
resonance energy (TREs),44 the bond resonance energy
(BRE),53,58 the superaromatic stabilization energy (SSE),56

the energy decomposition analysis,54 or bond centered group
additivity schemes59 have been used to quantify the effects of π-
delocalization.
Alternatively, one can use the molecular geometry (Figure 1)

to determine the degree of bond equilibration under the impact
of π-delocalization.11,75,76 Especially popular were the harmonic
oscillator model HOMA,60 the reformulated HOMA
(rHOMA),61,62 the electron delocalization-based HOMA
(HOMED),63 its extension HOMHED for heteroatoms,64

and the various applications of the HOMA approaches.30,77−80

Of course, bond lengths always depend on strain, exchange
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ABSTRACT: The properties of liquid water are intimately related to
the H-bond network among the individual water molecules. Utilizing
vibrational spectroscopy and modeling water with DFT-optimized
water clusters (6-mers and 50-mers), 16 out of a possible 36 different
types of H-bonds are identified and ordered according to their intrinsic
strength. The strongest H-bonds are obtained as a result of a concerted
push−pull effect of four peripheral water molecules, which polarize the
electron density in a way that supports charge transfer and partial
covalent character of the targeted H-bond. For water molecules with
tetra- and pentacoordinated O atoms, H-bonding is often associated
with a geometrically unfavorable positioning of the acceptor lone pair
and donor σ*(OH) orbitals so that electrostatic rather than covalent
interactions increasingly dominate H-bonding. There is a striking linear
dependence between the intrinsic strength of H-bonding as measured by the local H-bond stretching force constant and the
delocalization energy associated with charge transfer. Molecular dynamics simulations for 1000-mers reveal that with increasing
temperature weak, preferentially electrostatic H-bonds are broken, whereas the number of strong H-bonds increases. An
explanation for the question why warm water freezes faster than cold water is given on a molecular basis.

■ INTRODUCTION
The understanding of hydrogen bonding (H-bonding) is
essential for unravelling many biological and environmental
phenomena.1−6 H-bonding dominates the noncovalent inter-
actions between the molecules in liquid water, and in this way
H-bonding is ultimately responsible for the unique properties
of water. Essential for the understanding of the complex
structure and dynamics of liquid water7 is the study of H-
bonding with the help of quantum chemical methods. If an
atomistic approach is used, liquid water can be modeled by
using clusters of water molecules. The smallest of such clusters,
the water dimer, is only used for reference purposes, and its
properties in connection with H-bonding are fairly well-
known.8−20 Also, larger clusters with three to six water
molecules have been reliably described and have helped to
extend the understanding of H-bonding between water
molecules.21−36 Less frequent are high-accuracy investigations
of larger water clusters.37 Most of these investigations have
been carried out at the Hartree−Fock (HF), Density
Functional Theory (DFT), or perturbation theory level. For
example, the investigation of 20-mers (clusters with 20 water
molecules),38−41 25-mers,42 30-mers up to 40-mers,43−49 or
even 60-mers has to be reported.50

Noteworthy in this connection is that the vibrational spectra
of 20-mers have been investigated in detail by Xantheas and co-

workers using second order perturbation theory.38 DFT
benchmark calculations utilizing B3LYP, X3LYP, and M06-
type of XC-functionals for predicting binding energies of water
clusters up to 20 molecules have been carried out by Bryantsev
and co-workers.39 Parthasarathi and co-workers found that
linear chains of up to 20 water molecules lead to dipole
moments as high as 41 D thus emphasizing the cooperative
effect of H-bonding in larger clusters.40 An interesting study on
the polarizability of water clusters and the charge flow through
H-bonds in the presence of internal and external electric fields
was carried out by Yang and co-workers.41 The electron density
at the critical points of the H-bonds of a water cluster was
analyzed by Neela and co-workers who predicted an increase of
the density with the cluster size.51 Iwata pointed out the
importance of charge transfer and dispersion energies in
(H2O)20 and (H2O)25, which he found to depend on the O···O
distance.42 Lenz and co-workers43 calculated the vibrational
spectra of water clusters containing up to 30 water molecules.
They found a correlation between the red-shift of the O−H
donor stretching frequency and the type of H-bond based on
the coordination numbers of the O atoms being involved. The
importance of the collective electrostatic effects on H-bonding
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ABSTRACT: The noncovalent interactions of 32 complexes
involving pnicogens, chalcogens, and halogens atoms were
investigated at the CCSD(T)/aug-cc-pVTZ level of theory.
Two different types of complexes could be distinguished on
the basis of geometric parameters, electron difference densities,
and the charge transfer mechanisms associated with each type.
In the type I conformation, the monomers adopt a skewed
orientation allowing charge to be transfer between both
monomers, whereas in the type II conformation the
monomers adopt a linear arrangement, maximizing charge
transfer in only one direction. Type I complexes involving the
interaction between pnicogens and chalcogens cannot be
unambiguously defined as chalcogen or pnicogen bonds, they
are an admixture of both. The charge transfer dependence on the conformation adopted by the complexes described in this work
can serve as a novel conformationally driven design concept for materials.

1. INTRODUCTION
The study of intermolecular interactions is an important topic
in chemistry due to the key roles these interactions play in
diverse fields. In supramolecular chemistry they can guide self-
assembly1 and stabilize the tertiary structures of macro-
molecules such as proteins, DNA, and RNA;2,3 In drug design
they can lead to drug-receptor recognition.4,5 In catalysis they
can help to stabilize the transition state of chemical reactions
and guide stereoselectivity6,7 to name just a few examples.
Although hydrogen bonding (HB) continues to be the most
studied noncovalent interaction, there has been a continuous
discovery of other kinds of weak interactions,1,8−13 which share
many similarities with HB, such as high directionality14−16 and
tunable interaction strength.17−24 Different types of interactions
can possess unique electronic features relevant for the
development of novel materials with special electrical,25

magnetic,26,27 and optical properties.28−30 Among these new
types of interactions, the ones involving pnicogen, chalcogen,
and halogen atoms are already being exploited for the design
and synthesis of liquid crystals, gels, molecular compart-
ments,31,32 molecular linkers,33 ion transport, sensors, optically
responsive materials,34 and novel drugs.35,36 These and other
applications were the topic of recent reviews.1,37−42

A well established example of such a noncovalent interaction
that is known to play a determining role in the supramolecular
structures and properties of crystals is the interaction between

two halogens (halogen···halogen).43−46 X-ray diffraction
studies47 supported by statistical analysis of crystal structures
deposited on the Cambridge Database45,48 revealed that two
preferred conformers are associated with halogen···halogen
interactions. These are shown in Figure 1. In the type I
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Figure 1. Representation of the two possible conformers involving
halogen (XB), chalcogen (ChB), and pnicogen bonding (PnB)
considered in the this work.
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Figure 2: Overview of local mode applications regarding bonding and weak chemical interactions

Based on this landmark paper local vibrational stretching force constants force have been successfully
applied to assess the strength of strong and weak covalent bonds,17–24 to investigate weak chemical in-
teractions including hydrogen, halogen, pnicogen, chalcogen and tetrel bonding,6,6,19,25–31,31–44 to derive
a new description of meta-ligand bonding,32,35,45–49 and a new aromaticity index,16,47,50,51 as depicted in
Figure 2.

There exists a 1:1 relationship between a complete set of non-redundant local modes and the normal
modes via an adiabatic connection scheme, allowing a smooth transition from local to normal modes.16

This forms the basis of the characterization of normal mode (CNM) procedure.13 CNM decomposes each
normal mode into local mode contributions offering a new, comprehensive way of analyzing IR and Raman
spectra, which we successfully applied to assess the usefulness of vibrational Stark effect probes,52 as
shown for a popular CN probe in Figure 3. Recently, the local mode theory was extended for the description
of chemical bonding in periodic systems and crystals.53,54
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Figure 3: Normal mode decomposition into local modes for a popular Start effect probe
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