Received: 16 January 2020

Revised: 7 April 2020

Accepted: 15 April 2020

DOI: 10.1002/wcms.1480
WIREs

ADVANCED REVIEW WILEY

Decoding chemical information from vibrational

spectroscopy data: Local vibrational mode theory

Elfi Kraka'® | Wenli Zou” | Yunwen Tao'

'Department of Chemistry, Southern Ab

Methodist University, Dallas, Texas stract

2Institute of Modern Physics, Northwest Modern vibrational spectroscopy is more than just an analytical tool. Informa-

University and Shaanxi Key Laboratory tion about the electronic structure of a molecule, the strength of its bonds, and

for Theoretical Physics Frontiers, Xian, its conformational flexibility is encoded in the normal vibrational modes. On

Shaanxi, PR China ) . . .
the other hand, normal vibrational modes are generally delocalized, which

Correspondence hinders the direct access to this information, attainable only via local vibration

Elfi Kraka, Department of Chemistry, . . . . .

Southern Methodist University, 3215 modes and associated local properties. Konkoli and Cremer provided an inge-

Daniel Avenue, Dallas, TX 75275-0314. nious solution to this problem by deriving local vibrational modes from the

Email: ekraka@gmail.com fundamental normal modes, obtained in the harmonic approximation of the

Funding information potential, via mass-decoupled Euler-Lagrange equations. This review gives a

National Natural Science Foundation of general introduction into the local vibrational mode theory of Konkoli and

China, Grant/Award Number: 21673175; Cremer, elucidating how this theory unifies earlier attempts to obtain easy to

National Science foundation, NSF, Grant/ . . . . . .

Award Number: CHE 1464906 interpret chemical information from vibrational spectroscopy: (a) the local
mode theory furnishes bond strength descriptors derived from force constant
matrices with a physical basis, (b) provides the highly sought after extension of
the Badger rule to polyatomic molecules, (c) and offers a simpler way to derive
localized vibrations compared to the complex route via overtone spectroscopy.
Successful applications are presented, including a new measure of bond
strength, a new detailed analysis of infrared/Raman spectra, and the recent
extension to periodic systems, opening a new avenue for the characterization
of bonding in crystals. At the end of this review the LMODEA software is
introduced, which performs the local mode analysis (with minimal computa-
tional costs) after a harmonic vibrational frequency calculation optionally
using measured frequencies as additional input.

This article is categorized under:

Structure and Mechanism > Molecular Structures

Theoretical and Physical Chemistry > Spectroscopy

Software > Quantum Chemistry

Electronic Structure Theory > Ab Initio Electronic Structure Methods
KEYWORDS
bonding in solid state, decomposition of IR/Raman spectra, LMODEA, local mode analysis, local
mode force constants, vibrational spectroscopy

WIREs Comput Mol Sci. 2020;e1480. wires.wiley.com/compmolsci © 2020 Wiley Periodicals LLC. 1 of 34

https://doi.org/10.1002/wcms.1480

Check for
updates



WIREs KRAKA ET AL.

2004 | WILEY_

1 | INTRODUCTION

Over the past decades, vibrational spectroscopy has developed into an important analytical tool'** with ample applica-
tions in chemistry and beyond.***! Today modern vibrational spectroscopy has much more to offer; detailed informa-
tion on the electronic structure of a molecule and its chemical bonds is encoded in the normal vibrational modes, ready
to be deciphered. With the increasing number of available high precision measured spectra, complemented with theo-
retical calculations, vibrational spectroscopy can become an excellent source for decoding electronic structure informa-
tion of a molecule; in particular providing a new quantitative measure of the intrinsic strength of a chemical bond.

As revealed in Figure 1, the idea of characterizing a chemical bond via the stretching force constant dates back to
the 1920s and 1930s. In 1934, Badger published an inverse power relationship between the bond length and the
stretching force constant for a series of diatomic molecules, termed the so-called Badger rule.*> While this rule works
fine for diatomic molecules, its extension to polyatomic molecules turned out to be difficult because normal vibrational
modes tend to delocalize over the molecule rather than being localized in a specific bond; where this mode localization
is a prerequisite for using the stretching force constant as a suitable bond strength measure.>**> As shown in Figure 1,
the following decades saw various efforts to overcome this problem via modification and extension of the original Bad-
ger rule. In many cases these extensions only worked for specific sets of molecules;** and more importantly, the simplic-
ity of Badger's original idea diminished. Therefore, it became clear that a successful generalization of the Badger rule to
polyatomic molecules required the solution to the basic problem, namely to revert to local stretching force constants
derived from local vibrational modes.

Before a more detailed discussion of the local vibrational mode theory of Konkoli and Cremer,>**° which led to the
generalized Badger rule®” and a new measure of the intrinsic strength of a chemical bond, is provided, some remarks
on the origin of the term local modes are necessary (see summary in Figure 2).

In 1929, Ellis* introduced a local X-H Morse oscillator description to explain overtone absorptions in hexane, cyclo-
hexane, benzene, chloroform, and aniline. The anharmonic bond oscillators became decoupled with increasing
stretching energies, leading to a local description and the original idea of local modes. This local mode concept enabled
a refined way of describing highly excited stretching states of anharmonic vibrations. But it was in contrast to the
normal-mode-based vibrational picture where all atoms of the molecule move in phase during a normal vibration. In
the following two decades, Mecke and co-workers**™*® explored the anharmonic decoupling of the local modes and
their relation to normal mode theory, and they advocated the use of local modes instead of normal modes. However,
with overtone spectroscopy at its infancy and difficulties formulating exact vibrational Hamiltonians that include all
vibrational degrees of freedom and not only the stretching vibrations, the simpler normal mode description based on a
harmonic potential remained favored. In 1940, Darling and Dennison found evidence for a new and important
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FIGURE 2 Local modes and overtone spectroscopy

resonance between the overtone levels of the normal mode symmetric and antisymmetric stretching vibrations in
water, later known as Darling-Dennison resonance.*’ Since they could explain this resonance within the context of
normal modes, this also added to the popularity of normal modes. Therefore, it took until the late 1960s for the local
mode models to be rediscovered; primarily through the work of Henry, Siebrand, and others**~>* who established the
generality of local mode behavior in overtone spectra for a wide variety of molecules. In addition, Child and Lawton
derived local and normal vibrational states with a harmonically coupled anharmonic-oscillator model.>>~>* This work
was followed by important contributions of Lehmann,*® and Mills and Robiette,®" on the relationship of local and
normal mode models; Bagott,62 who interrelated normal and local mode descriptions with the so-called x, K relations
combining normal mode anharmonicity constants x and the Darling-Dennison resonance constants K; which was fur-
ther developed by Law and Duncan®® via their anharmonically-coupled local mode to normal mode Hamiltonian
transformations. A more comprehensive overview of this important time period has been given in several reviews, for
example, by Quack,®® Halonen,?” and Jensen.®® In the last 20 years it has been theoretically predicted and to a large
extent experimentally verified, that local mode behavior is not only induced by vibrational excitation, but also by excita-
tion of rotational motion.®®"°

Near-infrared spectroscopy (NIRS) has substantially developed over the last few decades as an invaluable and rich
source of information on the anharmonic nature of molecular vibrations.® It has entered modern analytical applica-
tions, even moving in the direction of complex systems and biomolecules.”' However, the intrinsic complexity of NIR
spectra compared to conventional mid-range infrared (MIR) spectra focusing on fundamental vibrations, forces the
extensive use of pretreatment methods and causes challenges for the data analysis.” Also, the emerging field of theoreti-
cal NIRS is faced with several challenges. While the calculation of MIR or Raman spectra in the harmonic approxima-
tion is nowadays routine, NIR modes require to go beyond the harmonic approximation. Accurate variational methods
are practically applicable to the simplest systems only. More practical methods are for example vibrational self-
consistent field (VSCF) methods.”>””* The key economical feature of these methods is the approximate treatment of
inter-modal anharmonicity; like in Hartree Fock theory any given mode feels an averaged effect resulting from all other
modes. Another class of anharmonic methods is based on perturbation theory of the molecular Hamiltonian after its
expansion via power series of products of vibrational and rotational operators, also referred to as vibrational perturba-
tion theory.”> This approach is particularly appealing for its computational efficiency in treating medium-to-large
systems,”> and has been extended to simulations of IR absorptions for molecular systems in excited electronic states.”®
Recently, the use of molecular dynamics (MD) simulations have been advocated.”” Although anharmonic simulations
of vibrational spectra of larger molecules including transition metal complexes’®’® and/or biomolecules are now in
reach,®>®! it is still unclear how one could derive generally applicable bond strength measures from these local modes,
and the search for other alternatives related to vibrational spectroscopy has continued over the past decades, as is sum-
marized in Figure 3.
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In 1939 Wilson®* and in 1940 El'yashevich®® independently derived the secular equation for molecular vibra-
tions in matrix from, frequently referred to as the Wilson GF method. Central to their work was the extension
from Cartesian coordinates x to internal coordinates q via the so-called B matrix (details are given below). It was
recognized that expressing the potential energy of a vibrating molecule in terms of internal coordinates q, such
as interatomic distances, bond angles, dihedral angles, and so on led to an easier physical interpretation; and
that the force constants derived from these potentials, appeared to carry over from one similar molecule to
another. This important observation, combined with earlier work on vibrational spectra and molecular structure,
formed the basis for the development of the force field methods. In this connection, the pioneering studies of
Andrews® on the relation between Raman spectra and structure of small organic molecules, and Dennison's®>#¢
work on infrared spectra of polyatomic molecules have to be mentioned, as well as the extensive work of
Linnett.*”*® Andrews's promising assumption that “the restoring forces in vibrating molecules consist in first
approximation of harmonic forces along the directions of the chemical bonds and perpendicular to them”®* was
realized in one of the first empirical molecular mechanics force fields, for example, the Urey-Bradley force
field.*® The transition from the original idea of using force fields to reproduce or predict vibrational spectra to
the application of force fields for the study of molecular structure started in the 1940s with Hill's work on steric
effects,’® the studies of Dostrovsky et al. on Sy2 reactions,”! Gordy's early work on force constants and molecular
properties,92 as well as the work of Westheimer, leading to one of the first force fields for organic molecules.”>*
A detailed overview of the subsequent development of the field of molecular mechanics and force field calcula-
tions would be beyond the scope of this article, therefore we refer the reader to the work of Allinger®*° or
Machida®’ for examples.

The original work on force fields (i.e., finding the optimal force constant values to match experimental spectra) trig-
gered the idea of using bond stretching force constants, contained in the force constant matrix F?, that is, the Hessian
in internal coordinates, as a bond strength measure. However, it was soon realized that F? depends on the choice of
internal coordinates used to describe the molecular geometry, thus leading to force constants values which depend on
the definition of all other internal coordinates, so that their transferability is rather limited. Decius suggested to solve
this problem by using the inverse of the force constant matrix,”® because the inverse is invariant under coordinate trans-
formations.”® In 1963 he derived the inverse force constant matrix, which he called compliance matrix I', from the
potential energy of a molecule written as a quadratic form in terms of generalized displacement forces and proved that
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I is independent of the choice of the internal coordinates.'® Based on these findings he promoted the idea to use
the diagonal elements of T, the so-called compliance constants T, as bond strength descriptors.'® As the units of
compliance constants are reciprocal force constant units, Jones and Swanson suggested to use the reciprocal compli-
ance constants instead, which they coined relaxed force constants,'® complying with general chemical thinking that
a stronger bond should be assigned to a larger force constant. An important factor promoting the use of Hessian
derived bond strength descriptors was the development of analytic second energy derivatives for routine ab initio
calculations of force fields and vibrational spectra, moving theoretical vibrational spectroscopy to another level. In
1979 Pople and co-workers reported analytical Hessians for Hartree Fock theory and Meller Plesset perturbation
theory of second order,'®* incorporating the early ideas of Gerratt and Mills.'*> The work on analytic second deriva-
tive techniques quickly stretched across the field of theoretical chemistry, as is documented in the work of
Pulay,m‘l"106 Schaefer, 07110 Handy,ul"113 Bartlett,"**'*> and others,***'%° published in the 1980s, just to give a few
examples. Some comprehensive overviews can be found for example in References 121-128. One can say that even
today any new computational method strongly benefits from the availability of first and second analytical
derivatives.

Over the past decades, the use of compliance constants and relaxed force constants as bond strength descriptors
has become popular.'*'*® Some concerns were raised with regard to weak chemical interactions suggesting that in
these cases the compliance constants should be complemented with an electron density and/or population analy-
sis.”*”"*® In addition, the use of the off-diagonal compliance matrix elements I'; as coupling constants"*"'** to
describe the coupling between compliance constants I'; and I';; has been questioned. Whereas the off-diagonal Hes-
sian matrix element Fg has the meaning of a coupling force constant,** describing the coupling between internal coor-
dinate i and j, this is not necessarily true for I';;, because I'; is not the reciprocal of Fg The most serious concern
however has been the lack of a physical basis and link to vibrational spectroscopy, as compliance constants originated
from a mathematical recipe, as well as the lack of associated local modes, frequencies, intensities, and other properties.
As is summarized in Figure 3, the local vibrational mode theory of Konkoli and Cremer*®~*° provides a physically based
framework resolving these concerns and in addition to local mode force constants, has led to a repertoire of tools for
the analysis of vibrational spectra being based on normal vibrational modes in the harmonic approximation; which will
be discussed in the next chapter. Before doing so, it is useful to point out additional use of the term local mode in the
literature.

1. McKean's isolated modes obtained for CH stretching vibrations via isotope substitution’*® can be considered as
experimental counterparts of the Konkoli-Cremer local vibrational modes,**® as will be discussed below. McKean's
underlying idea was to replace all but one H atom of a hydrocarbon molecule with deuterium (i.e., investigating per-
deuterated isotopomers with just one H atom in a CD,H or CDH group). In this way he could minimize the coupling
of the CH stretching mode with other modes in hydrocarbons to less than 5 cm™".'*

2. In solid state physics, the term local modes is used in several ways."*™'** In solid state Raman spectroscopy, one
often speaks of external and internal crystal lattice vibrational modes, particularly for molecular crystals."** The
external crystal lattice vibrations are considered the collective motion of the molecules in the crystal as a whole,
whereas the internal crystal lattice vibrational modes, (called local modes in this connection) arise from the cou-
pling of the vibrational modes of the individual molecular species. Often the vibrational mode(s) caused by an
impurity in a solid material is (are) called local modes'*>'*® and quasi-local modes are considered as vibrational
states physically located next to defects in an ideal lattice."*” Similar to the “impurity” concept, materials scien-
tists refer to local vibrational modes as Raman peaks corresponding to the active modes of atomic implants, sub-
stitutional atoms, or dopants in thin solid films."***>! It has to be noted that the use of the term local modes in
solid state physics is completely different from our use of local modes for periodic systems, which will be dis-
cussed in Section 3.

3. Reiher and co-workers calculated unitarily transformed normal modes of a polymer associated with a given
band in the vibrational spectrum, where the criteria for the transformation are inspired by those applied for the
localization of molecular orbitals. Similar to Reiher's work, Cheng and Steele'>> and Panek and co-workers'*® also
employed a unitary transformation to derive localized modes from the normal modes to be used for VSCF calcula-
tions to account for anharmonicity in simulated vibrations. The authors speak in these cases of local vibrational
modes, because the modes are localized in just a few subunits of the entire system. However, these so-called local-
ized modes are still delocalized within the subunits.

152-154
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2 | THEORY OF LOCAL VIBRATIONAL MODES
2.1 | Lagrangian approach to vibrational spectroscopy

The Lagrangian mechanics™” provides a convenient way to describe the atomic motions during a molecular vibration
within the classical picture by solving the Euler-Lagrange equations

d JL(x, X) &L(X,X)_ -
G e =0I=LLN, (1)

where the Lagragian L(x, X) is defined as the difference of the kinetic energy T'(x) and the potential energy V(x) of the
vibrational mode.

L(x,x)=T(x)-V(x), (2)
R
=X TMX — X Fx. (3)

Vector x contains the 3N Cartesian displacement coordinates of the molecule being composed of N atoms describing
the deviation of the atoms from their equilibrium position during the vibration, and a dot over a variable (e.g., X)
denotes differentiation with respect to time. F* is the force constant matrix (Hessian) in Cartesian coordinates x. The
diagonal mass matrix M contains each atomic mass three times to account for the motion in the x-, y-, and z-direction,
repectively, that is, M;; = {m,, m;, my, my, m,, m,, ...}. Both square matrices have the dimension (3N x 3N). The poten-
tial energy V(x) is zero when the atoms are in their equilibrium positions and greater than zero otherwise. The { super-
script denotes transpose for both vectors and matrices.

The Lagrangian can be also expressed in terms of N,;, = (3N — X) internal coordinates q; (X: number of translations

and rotations; 6 for nonlinear and 5 for linear molecules)**:
L(q.q) =T(q)-V(q), (4)
1. o1
=-qtG™'q--q'Fiq. 5
5416 a-2q'Fiq (5)

F? is the force constant matrix in internal coordinates q, G is the Wilson G matrix,>* also called “inverse kinetic
energy” matrix. G is symmetric about its main diagonal (i.e., G; = Gj) and contains only real elements. Both F? and
G are square matrices with the dimension N,;; X N,

The relationship between internal and Cartesian coordinates is provided by the Wilson B matrix,* a rectangular
(Nyip X 3N) matrix containing the first derivatives of the internal coordinates q,(n = 1, 2, 3...N,;) with respect to the
Cartesian coordinates x;(i = 1, 2, 3...3N),

_8q,(x)

The transformation between internal and Cartesian coordinates via Equation (6) can be extended to puckering coor-
dinates, symmetry coordinates or other special coordinates, for example, coordinates including dummy atoms as long
as the first derivative of the considered coordinates with respect to Cartesian coordinates can be worked out via analytic
or numerical differentiations.>* The B matrix also provides the important link between the M and G matrices via the
following relationship.****

G=BM !B’ (7)

Equation (5) reveals that there are two different coupling mechanisms between the vibrational modes, mass cou-
pling due to the off-diagonal elements of the Wilson G matrix, reflecting pairwise kinetic coupling between the internal
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coordinates and electronic coupling due to the off-diagonal coupling force constants of the F¥ matrix.>* It has to be noted
that in this connection the term electronic coupling refers to the potential energy and should not be confused with the
use of the term electronic coupling in electron and/or excitation energy transfer theory.'**>°

The electronic coupling can be eliminated via the Wilson GF-matrix formalism applied to Equation (1
that is, solving the vibrational secular equation:

) 34,82,160,161
2

F*L = MLA. (8)

Matrix A is a diagonal matrix with the eigenvalues 4, which leads to the N,;, (harmonic) vibrational frequencies w,
according to 4, = 47z202a)j, and L collects the vibrational eigenvectors 1, in its columns, with the following properties

L'FFL=F?=K, (9)

L'ML =M~ (10)

Equations (9) and (10) define the diagonal normal force constant matrix F? = K and the reduced mass matrix M*
(with elements mff ), respectively. Q is a vector that collects the N,;, normal coordinates.'®® It is important to note that
the diagonalization of the force constant matrix F*, that is, transforming to normal coordinates Q'®>"'®° eliminates the
off-diagonal coupling force constant matrix elements.** The vibrational secular equation expressed in internal coordi-
nates q is given by

F'D=G 'DA. (11)
D contains the normal mode column vectors d, (u = 1, - - -, N;3) in internal coordinates,** which can be related to
its counterpart L in Cartesian coordinates by.'**
L=CD, (12)
D=BL, (13)
where C is the pseudo-inverse matrix of B
c=M"'B'G7, (14)

F? in Equations (5) and (11) can be calculated with the help of C

F!=C'F*C. (15)

2.2 | Derivation of local vibrational modes

The transformation to the diagonal force constant matrix K is routinely performed during a harmonic vibrational fre-
quency calculation in standard quantum chemistry packages. However this procedure does not eliminate mass-cou-
pling, which often has been overlooked. Konkoli and Cremer were the first to solve this problem via mass-decoupled
Euler-Lagrange equations,”®™*® that is, solving the Euler Lagrange equations for a molecular fragment ¢, being
described by an internal parameter g, and being independent of all the other internal coordinates q,, (m # n). In their
seminal paper,”® Konkoli and Cremer derived two different ways to define the local motions of the fragment ¢,;
Approach 1: all masses but the ones which belong to the atoms of fragment ¢,, are zero, that is, the rest of the molecule
is considered as a collection of massless points that just define the molecular geometry and Approach 2: the fragment
motion is considered as a motion being obtained after relaxing all parts of the vibrating molecule but the fragment
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under consideration. Because of this property, they originally coined these modes adiabatic internal coordinate
modes.*®*” However, over the years for reasons of simplicity, the term local modes was adapted."*®
In Approach 1, the Euler-Lagrange equations (4) take the following form

5L(q. q 14
=) o 2,
g, gy
( ) (16)
_oL(gq.q) _ . _éV(g) _
" e, P, SO T
Equation (16) can be solved by expressing p, as a function of a parameter 1, leading to
. 6V(q)
= =1 17
pn 5qn n ( )

which defines a one-dimensional subspace in the full vibrational space for each internal coordinate g,,. In this way, one
obtains an internal, that is, local vibration a,, associated with fragment Pn®

In Approach 2, g, is frozen at its equilibrium value g while the other coordinates g,, (m # n) can relax. At the mini-
mum of the potential V{q) then the following holds:

V(q) = min. (18)

9n =y (19)

Equations (18) and (19) can be solved using the method of Lagrange multipliers:

d

W[V(Q)—in (9.—4g5)] =0 m=1,.... Nvip, (20)

leading to N,,;, Lagrange multipliers 4,

:An 5mn m,n= 1""’N\)ibs (21)

As revealed by Equations (21) and (17) Approach 1 being based on massless internal coordinates g,, (m # n) and
Approach 2 being based on the adiabatic approximation are equivalent.

After the solution of the vibrational problem in the harmonic approximation, the potential energy and each internal
coordinate g,, can be expressed as functions of the N,;, normal coordinates Q, leading in this way to the determination
of the n Lagrange multipliers 4,,.

1Nm
V=5 kQ, (22)
pu=1
Noip
9,(Q) =Y DnQ,, (23)
p=1

D, is an element of the normal mode matrix D in the internal coordinate space and k, is the corresponding normal
mode force constant.
Equation (22) can be solved under the constraint Equation (19)
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== [V(Q)~21(9,(Q)~g;)] =0 #=1,....Nuip, (24)

Q,

leading to Equations (25) and (26)
IV(Q) I o 9(2.(Q)—g;)
- —q}) —dp— " =0, 2
70, 70, (2.(Q)~q;,) 2Q, (25)
aV(Q) _, 99,(Q)

7Q, = In Q, (26)

considering that in Equation (25) g,,(Q) =g at a equilibrium, that is, (g, (Q)—gj) =0 and that g, is a constant, that is,
aq;,/9Q,=0.
If Equation (22) for ¥(Q) and Equation (23) for ¢,(Q) are inserted into Equation (26) the result becomes

J 1 NZ ,_, 0 X
A A kuQ,, =i D,,Q,, (27)
aQMZUZI 8(Qﬂpzl e
which leads to
kuQy = 2nDny» (28)

and for the uth normal coordinate (concerning the internal coordinate g,,) to

D
Q,(f) = %1,1, (29)
U

where the superscript (1) of Q™ denotes a solution obtained under the constraint for g,, = q;,- This leads to an expres-
sion for the Lagrange multipliers 4, in terms of g},

Nvip Nyip Di
=Y 000 =Y 0, 0
n=1 p=1 H
1 *
In = N dn: (31)
D
ﬂzlh
Inserting Equation (31) into Equation (29) one obtains the normal coordinate Qﬂ(") as a function of g},
Duy
(n) _ ky * _ 0 *
Qﬂ - NVU;DZ qn - Qﬂ,n qn’ (32)
>
v=1

with the constant Q,‘ln defining the pth component of the adiabatic vector in the normal coordinates

K]

PN 0 0 _
a, = ( 1,n’Q1,n""’Qﬂ,n"") = m,
n n
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where d,, is the nth row of the D matrix, which is computed by
d,=B,L, (34)

where B, is Wilson's B matrix34 of the n-th internal coordinate. Equation (33), which completely specifies the form of
the adiabatic mode, implies the important result that what is needed for the local mode analysis are the normal mode
force constant matrix K and the normal mode vectors d,, in internal coordinates, that is, the analysis can be routinely
performed after a standard vibrational frequency calculation via the Wilson GF formalism.

The local mode vector a,, can be easily transformed into Cartesian coordinate space

a) =La,, (35)

where L is the normal mode matrix in Cartesian coordinates.

2.2.1 | Properties of local modes

Once the local mode vector a,, which determines the movement of the molecule under the influence of parameter g;; is
known one can define molecular properties corresponding to this motion, such as local mode force constant, local mass,
and local frequency.

When the kinetic energy adopts a minimum,

T(x) =-Xx{MX =min, (36)
4n= g, =BX (37)

Equations (36) and (37) can be solved as defined in Equation (6) from

I, . N
o~ |:§XTMX —A(an - qn>] -0 (38)

and

. Byx M~'B!

x=M"'Bili1=M"'B - =
" "B,M'B] B,M 'B]

a (39)

Using Equation (39), Equation (36) can be rewritten as

- _; cx\ 2
7(4:) = 357 (07 (40)

From Equation (40), the adiabatic mass associated with the internal coordinate g,, can be derived

mé = v b (41)
" B,M Bl Gu
where G, is a diagonal element of Wilson's G matrix** and superscript a denotes adiabatically relaxed, that is, derived
from a local mode.
Using Equations (22), (23), (30) and (33) the potential energy in internal coordinates q can be rewritten
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Nuip Nyip Nuip

V@=5> > QK0P =3 (alKan)a;? (42)

n=1lu=1 n=1
defining the adiabatic, that is, local force constant as

ki =aKa, = (d,K'd}) - (43)

Local mode force constants are sensitive to differences in the electronic structure (e.g., caused by changing a substit-
uent); because they are independent of the atomic masses they capture the pure electronic effects. In their landmark
paper, Zou and Cremer'®” provided the important proof that the local stretching force constant k;, (AB) reflects the
intrinsic strength of the bond/interaction between two atoms A and B being described by an internal coordinate g,,.
They showed that k; (AB) is related to the second derivative of the molecular energy with respect to gy, that is, to the
curvature of the Born-Oppenheimer potential energy surface (PES) given in a specific direction defined by g,. They
illustrated that by approximating the PES in this direction with a Morse potential and keeping the electron density fro-
zen during the dissociation process, the intrinsic bond strength is directly related to k; (AB); therefore it is justified to
consider the latter as a unique and universal measure of the intrinsic strength of a chemical bond based on vibrational
spectroscopy.

For the comparison of larger sets of k;, values, the use of a relative bond strength order (BSO n) is more convenient.
Both are connected according to the generalized Badger rule derived by Cremer et al.,**'® via the following power
relationship:

BSOn=a(k%)". (44)

The constants a and b are calculated from k® values of two reference compounds with known BSO n values n; and
n, via:

a:nz/(kg)b, (45)

and

b=ln(ny/m)/In(kS/k3), (46)

and the requirement that for a force constant value of zero the corresponding BSO n value is zero. For example, for CC
bonds suitable references are ethane and ethylene with bond orders n, = 1 and n, = 2, respectively.'® In the case of
more complex bonding situations such as metal-ligand bonding, guidance by Mayer bond orders'’*™'7? can be utilized,
as discussed below.

Contrary to normal mode force constants derived from F?, local mode force constants are independent of the choice
of the coordinates used to describe the molecule in question,*'®*'”* which provides a direct link to the compliance
constants of Decius.'® Utilizing Equation (11) the inverse force constant matrix (F?)~%, that is, the compliance matrix T
and its diagonal elements I',, ,, are given by

I'=(F!)"'=DKD/, (47)

and

(), =d,K™'d;, (48)
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which implies that the relaxed force constants,'®" that is, the reciprocal compliance constants'® are identical with the
local mode force constants.'®
Using Equations (41) and (43), the adiabatic frequency can be calculated

a
(0)’ =1/(47°¢) 12 =1/ (42¢) Ga K. (49)
n

It is important to note that local vibrational frequencies and corresponding force constants can also be derived from
measured fundamental normal mode frequencies, which do not depend on any model chemistry used for the calcula-
tion, and even more importantly, which include anharmonicity effects not being captured by calculated harmonic fre-
quencies.'”*'”> The underlying assumption is that calculated normal mode vectors d,, are a reasonable approximation
to the true normal mode vectors d,, . This assumption forms the basis for all frequency scaling procedures,'”**”* and
therefore is well-founded. With D' ~ D the true force constant matrix FY can be expressed via a perturbation added to
the calculated F? matrix, that is, F? = F + AFY, as shown by Konkoli and Cremer,* transforming Equation (11) into

(F1+AF))D=G 'D(A + AA) (50)

The perturbation matrix AF? can be obtained from
AFID=G 'AA (51)
where AA in Equations (50) and (51)/collects the differences between experimental andlcalculated normal mode fre-
quencies. Solving Equation (11) for F? leads to the true diagonal force constant matrix K within the harmonic frame-

work provided by the normal mode vectors d,. The adiabatic mode analysis can then be performed in the same way as
it is for the calculated frequencies. An example can be found in Reference 174 for the water dimer.

2.2.2 | Adiabatic connection scheme

An important milestone for the local mode theory was the proof that there exists a 1:1 relationship between a complete
set of nonredundant local modes and the normal modes via an adiabatic connection scheme (ACS), allowing a smooth
transition from local to normal modes.'®® With the help of the compliance matrix I' = (F?)™", the vibrational eigenvalue
Equation (11) can be expressed as:

I'''D=G7'DA, (52)
and
GR=TI'RA. (53)

A new eigenvector matrix R is given by:

"

R=I"'D=FID=(D"')'K. (54)

Zou and co-workers partitioned the matrices I' and G into diagonal (I'; and G,) and off-diagonal parts (I',y and
Goa)'*®.

(Gd +A God) R, = (Fd + ﬂl“od) R A;. (55)

The perturbation parameter 4 in Equation (55) slowly converts the local vibrational modes, (1 = 0) adiabatically into

their corresponding normal mode counterparts, (A = 1) by slowly switching on I',; and G,q4, that is, by activating the
mass-coupling. This one-to-one transformation between local and normal vibrational modes forms the fundamental
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proof for the decomposition of normal modes into local mode contributions, opening new avenues for a comprehensive
analysis of vibrational spectra.

The important question has been raised whether the Konkoli-Cremer local vibrational modes can be related to
experimentally derived local modes. Figure 4a shows that local mode CH stretching frequencies ¢ significantly corre-
late (R*> = 0.990) with the corresponding overtone CH stretching frequencies for a selection of organic molecules.'®*™'#?
This demonstrates the important link between the local vibrational modes derived from normal modes (in the har-
monic approximation) and the local modes derived from overtone spectroscopy. The advantage of our local modes is
twofold: (a) economic aspect: they can be obtained from standard routine frequency calculations and measured funda-
mentals; (b) fundamental aspect: the use of overtone spectroscopy as a means of obtaining local mode information is
mostly limited to terminal bonds.®”'*>'®* Hence a generalization of the local mode description of chemical bonding
derived from overtone spectroscopy is limited.

Figure 4b correlates McKean's experimental (isolated) vibrational frequencies obtained for 66 CH bonds in 38 differ-
ent organic molecules via isotope substitution'* with the corresponding calculated local mode frequencies. The set of
molecules tested comprises alkanes, alkenes, alkynes, alcohols, amines, halogenated hydrocarbons, aldehydes, ketones,
acids, cyanides, and so on, so that CH bonds in different hybridization states of carbon and under the impact of differ-
ent substituents were represented. Due to a doubling of the hydrogen mass, frequencies for C-H/C-D stretching vibra-
tions are significantly shifted to lower values thus eliminating a mixing with the remaining CH stretching motions. The
correlation coefficient R* = 0.976 reflects good agreement with the calculated local frequencies, suggesting that isotope
substitution leads to frequencies, which can be considered as experimental counterparts of the Konkoli-Cremer local
vibrational frequencies. An extension of the isolated stretching frequencies to other than just XH bonds is difficult since
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a doubling of the nuclear mass is not possible for any other element frequently used in organic chemistry and because
of considerable experimental efforts implied.

2.2.3 | Characterization of normal modes

In addition to local mode force constants and local mode frequencies, the local mode analysis has led to a new way of
analyzing vibrational spectra. The CNM procedure decomposes each normal vibrational mode 1, into local mode contri-
butions for a nonredundant set of N,;, local vibrational modes a,, by calculating the overlap between each local mode
vector a¥, with this normal mode vector 1, as S,,,, according to Equation (56).%*"*

a1 2
= x(:’C—")’ ( 56)
(a3.a3) (L,L)
where (a, b) is the scalar product of two vectors a and b including a metric
(a,b)=) aOyb;. (57)
Lj

Oy is an element of the metric matrix O. We generally use the force constant matrix F* as metric, namely O = F, to
include the influence of the electronic structure. As derived by Konkoli and Cremer>® the contribution of local mode a,,
to the normal mode 1, is given by

Snu
Nyip ’ (58)
2 Sy

m

Cpu=

that is, a completely localized normal mode 1, has a C,,, value of 1 (corresponding to 100% if C,,,, is given as percentage).
In essence, the CNM procedure complements the ACS analysis with a nonadiabatic picture, that is, a snapshot of the
normal modes expressed in terms of the local mode contributions.

As an example, the ACS and CNM are shown in Figure 5 for the CH;SCN molecule, which is a popular probe mole-
cule for the vibrational stark effect (VSE). The VSE is based on Stark’s original observation made in 1913, that an exter-
nal electric field can cause a splitting and shifting of atomic and molecular energy levels.'®® Over the past two decades
the VSE has become an important tool to measure and analyze the in situ electric field strength in various chemical
environments with NIRS.'®****® The VSE probe molecule has a characteristic bond, called probe bond, such as CO or
CN. Assuming that the normal vibrational mode associated with the stretching frequency of the probe bond is localized
and does not couple with other modes, then a shift of the probe stretching frequency directly reflects the influence of
the electric field. Both ACS and CNM can assess the validity of this assumption in a quantitative way. As shown in
Figure 5a, the local CN stretching frequency (left side) smoothly transforms into the corresponding normal mode fre-
quency (right side) when turning on the mass coupling via the scaling parameter A. In Figure 5b the corresponding
decomposition of the 15 normal modes (each represented by a bar) of CH3;SCN into 15 local mode contributions is
shown. As obvious from the decomposition, normal mode 12 with w, = 2,302 cm™! has 93% local mode character, iden-
tifying CH3SCN as suitable VSE probe. This example clearly shows the analytic potential of the local vibrational mode
theory beyond characterizing the strength of chemical bonds and weak chemical interactions.

3 | RECENT EXTENSIONS
3.1 | Generalized subsystem vibrational analysis

Caused by the fact that normal vibrational modes are generally delocalized over the molecular system, it is difficult if
possible at all to assign certain vibrations to specific fragments and functional groups, or to isolate the vibrations of a
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molecule in solution or other media being described by a multilayer hybrid method, such as a mixed quantum
mechanics/molecular mechanics (QM/MM) approach.'*®72% The solution to this problem requires a procedure which
projects the normal vibrational modes of the total system into the targeted subsystem or fragment. Many efforts have
been made to derive such a procedure, including partial Hessian diagonalization,?** partial Hessian vibrational analy-
sis (PHVA),*® mobile block Hessian (MBH),?*®**° vibrational subsystem analysis (VSA),?****' and local Hessian
transformation,?'* just to name a few. Also the unitary transformation of normal mode vectors,'>*!>> mentioned in
the introduction, belongs to this category. However, all these approaches share a common deficiency; the partitioning
of the full Hessian matrix leads to a loss of information about the interaction between the subsystem and its
environment.

Therefore, we developed a new approach, the generalized subsystem vibrational analysis (GSVA),*"* which avoids
the partitioning of the full Hessian and instead extracts the intrinsic fragmental vibrations of any fragment/subsystem
from the whole system via the evaluation of the corresponding effective Hessian matrix F},, for the target subsystem of
interest as outlined in Reference 213:

o\ —1
F?ub: g;b(Bl(Fx)JrB/T) ;ub’

(59)
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where F* is the full Hessian matrix for the whole system (i.e., subsystem plus environment) with dimension (3N x 3N).
The Wilson B-matrix collecting a nonredundant set of (3n — X,;,) internal coordinates for the subsystem is denoted as
B and B/, in full 3N columns and truncated 3n columns (excluding the environment atoms), respectively. n is the
number of atoms in the subsystem and X, is the total number of translations and rotations in the subsystem, (linear
subsystem: X, = 5, nonlinear subsystem: X, = 6). (F¥)* is the Moore-Penrose inverse*'**'> of F*, which is a singular
matrix. Fj;, has the dimension of (3n x 3n).

When deriving the effective Hessian matrix, the full Hessian matrix is projected into the internal vibration space of
the subsystem without any need for partitioning. This is manifested in two aspects: (a) the effective Hessian matrix F},
has exactly X, zero eigenvalues; (b) the effective Hessian matrix retains the curvature of the PES in the direction
defined by any internal coordinate within the subsystem, which provides this approach with a solid physical basis. After
the projection, the conventional normal mode analysis machinery can be employed using the geometry, atomic masses
and the effective Hessian matrix of the subsystem for the calculation of a new type of localized normal modes. We
coined these subsystem normal mode vibrations as intrinsic fragmental vibrations.*"> It is important to note that these
intrinsic fragmental vibrations of the subsystem are transferable, that is, the intrinsic vibrations of the subsystem in one
environment can be directly compared with those of the same subsystem in a different environment, for example, gas
phase versus solution or solution versus inside a protein. This important feature of GSVA is discussed in the following
for formaldehyde (CH,O) in a carbon nanotube (CNT) shown in Figure 6.2

As described in Reference 213, the complete nonredundant parameter set for the effective Hessian matrix F;,, of
CH,O0 was composed of the three covalent bonds, two O—C—H angles, and one out-of-plane pyramidalization angle. In
Table 1 the fragmental vibrational frequencies CH,O in a CNT are compared with the corresponding normal vibra-
tional frequencies of CH,O in gas phase. Vibrations 3, 5, and 6 are almost unaffected by the CNT environment, with fre-
quency differences smaller than 4 cm™. The CO stretching frequency is slightly redshifted in the CNT by 24 cm™". The
largest effect was found for the symmetric and asymmetric CH stretching frequencies with blue-shifts of 79 and
70 cm™", respectively. These two motions extend into the CNT framework and therefore, respond most strongly to the
confinement imposed on the formaldehyde in the CNT.

The transferability of the intrinsic fragmental vibrational frequencies can be validated via a subsequent local mode
analysis. The data in Table 2 reveals that the local mode properties for the sub-system based on the effective Hessian

~ » and those based on the full Hessian F* are identical. In summary, GSVA provides a new link between local and

sub
normal vibrational modes connecting intrinsic (subsystem) and normal mode properties.

FIGURE 6 Structure of CH,O confined in a carbon nanotube;
calculated at the B3LYP level of theory®'®*'° with Grimme's empirical
D3 dispersion correction®* and Becke-Johnson (BJ) damping®*'
utilizing Pople's 6-31G(d,p) basis set.>*? Total number of atoms is 84. For
details see Referenece [213]
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TABLE 1 Intrinsic vibrational frequencies of formaldehyde in carbon nanotube (CNT) and corresponding normal mode frequencies in
the gas phase in cm™" as well as their characterization

No Vib. mode CH,0 (CNT) CH,O0 (gas phase) Character

1 Ay 2,976 2,897 Symmetric CH stretching

2 Ay 1823 1847 CO stretching

3 Ay 1,554 1,555 In-plane scissoring of HCH angle
4 B, 3,024 2,954 Asymmetric CH stretching

5 B, 1,278 1,275 In plane rocking of H atoms

6 B, 1,201 1,201 Out of plane pyramidalization

Note: For details see Reference 213.

TABLE 2  Local mode force

constants kj ., based on the effective Local vib- mode an Ko kn
Hessian mafrix F},;, and local mode 1 R(CO) 13.306 13.306
force constants k¢ based on the full 2 R(CH) 4.924 4.924
Hessian matrix F* for formaldehyde 3 R(CH) 4.918 4.918
4 a(OCH) 1.109 1.109
5 a(OCH) 1.110 1.110
6 P (C'—0—H—H) 3.496 3.496

Note: gq,, defines the internal coordinate being associated with local mode a,,. R denotes bond stretching (unit: mdyn/A),
a angle bending (unit: mdyn A/rad®), and P out-of-plane pyramidalization (unit: mdyn A/rad®), where the primed C
atom moves out of the plane defined by the following three atoms. For calculational details see Reference 213.

3.2 | Periodic local modes for crystals and solids

After successfully studying the intrinsic strength of chemical bonds and weak chemical interactions in single molecules
and molecular complexes (which will be discussed in more detail in Section 4) we recently extended the local mode the-
ory from molecular to periodic systems and crystals with a particular focus on local mode force constants. The major
objective of this work was to develop a method leading to a deeper understanding of crystal bonding and allow for a
direct comparison of the intrinsic bond strength in periodic and molecular systems.***

As outlined in Reference 223, a necessary prerequisite for this extension was to consider the major differences of sin-
gle molecule and solid state vibrational spectroscopy: (a) While a single molecule has always N,,;, vibrational frequen-
cies, in periodic systems the number of vibrations depends on the dimensionality, that is, (3N — 4) for one-dimensional
periodic systems and (3N — 3) for two- and three-dimensional periodic systems, with N being the number of atoms in
the primitive cell.'** (b) Periodic systems may have multiple sets of vibrational frequencies depending on the wave vec-
tor q within the phonon dispersion spectrum, whereas there is one and only one set of vibrational frequencies for a
molecular systems.?** (c) Only the set of frequencies can be measured by infrared and Raman spectroscopy, which is
taken at the I'-point, (q = 0)**>**” where q defines points of the irreducible Brillouin zones.'*! Therefore, we derived
the local vibrational modes at the I'-point, forming the basis for a direct comparison of molecular vibrations and their
periodic counterparts. Another benefit of doing so is that the lattice vibrations at the I'-point correspond to the vibra-
tions of the primitive cell, which is the smallest unit cell with translational symmetry.**' This allows us to restrict the
calculation of the force constant matrix to the primitive cell model and qualifies local mode properties in periodic sys-
tems as being independent of the choice of primitive cell.***

As outlined in Reference 223 we define a local vibrational mode in a periodic system as a vibration initiated by a
specific internal coordinate g, (e.g., a bond length) in all primitive cells while all other parts of the periodic system
relax. This definition allows for the direct comparison of the intrinsic strength of a bond characterized by the local
mode force constant in periodic and molecular systems. In the following we will summarize the derivation of the local
mode force constant kj, in periodic systems, a more detailed discussion is given in Reference 223.
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Given a primitive cell containing N atoms and its force constant matrix F; in Cartesian coordinates, the N,;;, non-
. . . . !
zero eigenvalues of F; are collected in a diagonal matrix A

F'V=VA/, (60)

where N,;;, = 3N — 4 for one-dimensional periodic systems (i.e., linear polymers) or N,;;, = 3N — 3 for two-dimensional
periodic systems (i.e., slabs) and three-dimensional systems (i.e., solids). Matrix V collects N,;, eigenvectors v, in col-
umns. Equation (60) can be rewritten as

I _x7rimx
AN =V'EV. (61)

The d;, vector associated with a specific internal coordinate g, in the primitive cell is then calculated in analogy to
Equation (13)

d,=B,V, (62)

where B, is the Wilson B-matrix for the internal coordinate g,,. Then, the local mode force constant k;, in the primitive
cell is calculated by

k= (a0 7)) (63)

which is analogous to Equation (43).

One of the examples presented in Reference 223 concerns the comparison of CC bonds in molecules and solid mate-
rial. In Table 3 and Figure 7 the CC bond strength of some representative hydrocarbon molecules is compared with that
of the CC bonds in 2D-graphene sheets and solid 3D-diamond. It has been suggested in the literature that the CC bond
strength in graphene is in between that of the C—C single bond in ethane and that of the C=C double bond in ethylene,
based on the fact that in addition to forming three ¢ bonds with neighboring carbons each sp® hybridized C atom in
graphene has one electron in its p orbital perpendicular to the 2D plane forming an extended z-bond being delocalized
over the whole system.**®* 2** The local mode analysis could for the first time rigorously quantify this suggestion via a
direct comparison of local CC force constants and related BSO n values. Compared with the CC bonds in ethane and
ethylene, the CC bonds in graphene are in between those two references with regard to both, the bond length and bond
strength as shown in Figure 7. The graphene CC bond is 0.027 A longer than the aromatic CC bond in benzene. It is
also weaker, as reflected by the local mode force constant; 1.228 mdyn/A in graphene versus 1.462 mdyn/A in benzene.
In addition, more specific details could be disclosed. Although both graphene and benzene share a C4 ring topology, the

TABLE 3 CC Bond length R(CC)

# Molecule/system R(CC) k* BSO n .
in A, local CC force constants k% in
1 Ethane 1.535 . 1 mdyn/A and corresponding bond
2 Ethylene 1.336 9.527 2 strength orders BSO n for representative
3 Acetylene 1.212 16.923 3.169 hydrocarbons, molecules (1-6), a
4 1,3,5-Hexatriene (C-C) 1.449 5.200 1.231 2D-graphene layer (7), and solid
3D-diamond (8)
5 Benzene 1.402 6.446 1.462
6 Naphthalene 1.441 5.248 1.274
7 Graphene 1.429 5.182 1.228
8 Diamond 1.552 3.554 0.907

Note: All 8 systems were modeled at the TPSS/6-31G(d,p) level. In addition, periodic boundary conditions were
employed for (7) and (8).***
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x electrons in graphene delocalize over a larger space, thus leading to weaker CC bonds, which is already indicated for
the CC bond of naphthalene. As shown in Table 3, the CC bond strength in graphene (BSO n = 1.228) is close to that of
the single bond in 1,3,5-hexatriene, (BSO n = 1.231).

Diamond is one of the hardest natural materials,”*~ which could lead to the assumption that it has one of the stron-
gest CC bonds. However, our local mode analysis identified the CC bond in diamond as the weakest among the CC
bonds presented in Table 3 and in Figure 7.>** Each carbon atom in diamond adopts sp> hybridization leading to a tetra-
hedral configuration like in the case of ethane.*** However, the diamond CC bond is longer than the ethane CC single
bond and its local stretching force constant is smaller by 0.457 mdyn/A (see Table 3), in line with CC bond energies of
88 kcal/mol for the CC bond in ethane®** and 62 kcal/mol for the CC bond in diamond.**

The major difference is that in diamond each C atom is surrounded by four C atoms while the C atoms in ethane
are surrounded by one C and three H atoms. Compared with the carbon atoms in diamond, the hydrogen atoms in eth-
ane are less capable of attracting bonding electrons, and in this way moving them out of the CC bond region.*’ As for
the hardness of diamond not a single CC bond but the large network of covalent CC bonds matters.**”**® This example
shows how we can quantify the intrinsic bond strengths of CC bonds in 2D graphene as well as 3D diamond and rank
them among a series of hydrocarbons. Such an analysis could also be useful to quantify the CC bond strength in other
carbon allotropes,”’* e.g., in CNTs.>*° As CNTs can be made with a variety of different structures, the characteriza-
tion of the CC bond strength in CNTs will be an interesting direction to pursue.

233
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4 | APPLICATIONS

As summarized in Table 4 the local mode theory has been successfully applied to characterize covalent bonds and weak
chemical interactions such as hydrogen, halogen, chalcogen, pnicogen, and tetrel bonding, as well as BH- - -z interac-
tions. Existing concepts could be generalized such as the Badger rule, new electronic descriptors were developed such
as a new aromaticity index based on local mode force constants as well as a new descriptor of metal ligand bond
strength. Some highlights are described in the following.

The ongoing debate about a C, quadruple bond**°** could be brought to a successful end.'®’ In comparison with
the local CC stretching force constants and corresponding BSO n values of ethane, ethene, and acetylene, the intrinsic
CC bond strength of C, in its 12; ground state was determined to be half way between that of a double bond and that
of a triple bond.

Based on a fruitful combination of quantum chemical predictions and experimental realization, for the first time,
nonclassical H-bonding involving a BH-- -z interaction could be identified.?*®**® According to the Cremer-Kraka
criteria for covalent bonding,**°° this interaction is electrostatic in nature with a BSO n of 0.35, being comparable to
what we found for the H-bond in the water dimer.'”*2>°

A method for the quantitative assessment of aromaticity and anti-aromaticity, based on vibrational spectroscopy
was developed,®”® which led to a new understanding of Clar's rule.**® The analysis of 30 mono- and polycyclic conju-
gated hydrocarbons confirmed Clar's rule of disjoint benzene units in many cases, but corrects it in those cases where
peripheral n-delocalization leads to greater stability. The structure and stability of polycyclic gold clusters, based on a
new Clar's aromaticity rule equivalent for metal-metal bonds, could be rationalized for the first time.*”*

Modeling of liquid water clusters with 50 and 1,000 water molecules at different temperatures using quantum
mechanical and MD simulations, respectively led to a series of interesting results.>>"*>> As shown in Figure 8 each
water molecule can usually accept/donate at most 2 hydrogen bonds leading to a variety of different hydrogen bond
combinations. MD calculations identified ca. 2 million hydrogen bonds in these water clusters belonging to 16 different

TABLE 4  Successful applications

Topic References
of the local vibrational mode theory

Covalent bonds

The strongest bond in chemistry 167,169,241
Long carbon-carbon bonds 242
Carbon-halogen bonds 243,244
Generalized Badger rule, bond strength bond length relation 32,140,168,245-248

Weak chemical interactions

174,175,249-255

Hydrogen bonding

253,255-261

Halogen bonding

Pnicogen bonding 262-264

Chalcogen bonding 247,265,266

Tetrel bonding 267

BH- - -z interactions 268,269

New electronic descriptors

Aromaticity index 270-272

Metal electronic parameter 254,258,271,273-276

Additional topics

Chemical similarity 277,278

Molecular acidity (pK,) 279

Chiral discrimination 280

Unified reaction valley approach (URVA) and local modes 281-287

Force field parameters 288

Local modes for periodic systems PR
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types of hydrogen bonds with different strength, as shown in Figure 8. In warm water, the weaker hydrogen bonds with
predominantly electrostatic contributions are broken, smaller water clusters with strong hydrogen bonding arrange-
ments remain. These cluster units can easily rearrange to form the hexagonal lattice of ice as sketched in Figure 8.

In cold water, many weak four-coordinated hydrogen bonds exist which need to be first broken before forming the
ice lattice, which costs energy and time delaying the freezing process. Therefore, warm water freezes faster than cold
water. This effect known in the literature as the Mpemba effect, according to its discovery by Mpemba in 1969,* could
now for the first time be explained at the atomistic level utilizing our local mode analysis.**"**®

The local mode analysis has led to a new quantitative measure of metal-ligand (M-L) bonding, the metal ligand
electronic parameter (MLEP),>>*258271:273-276 york that was inspired by Tolman's electronic parameter TEP.?°*°! The
TEP has been used by experimentalists over the past decades as a popular measure describing the strength of a M-L
bond, in particular in connection with transition-metal catalysis, (for a comprehensive literature overview, see Table 3
in Reference 275). Tolman's experimentally derived TEPs were complemented by computationally derived counterparts,
the so-called CEPs.*****® Both TEP and the corresponding CEP are indirect bond strength measures being originally
defined as the A;-symmetrical CO stretching frequency of nickel tricarbonyl phosphine complexes of the type L—Ni
(CO);, L = R5P with (pseudo)-Cs, symmetry.?**~*°" Tolman used the A;-symmetrical CO stretching frequency because
it could be easily identified in an infrared spectrum, recorded with the instruments of the 1960s, whereas the M-L
stretching frequency was out of reach. He assumed that the carbonyl ligand reflects indirectly how the ligand L influ-
ences the electronic structure at the metal atom, and in this way M-L bonding. Tolman's line of argument was that any
ligand L increasing the electron density at the metal atom causes a transfer of negative charge from the d-orbitals of Ni
into in the low-lying z* (CO) orbitals. As a consequence, the CO bond becomes weaker and the A;-symmetrical CO
stretching frequency is red-shifted. This redshift is registered within the infrared spectrum and qualifies the TEP as an
indirect descriptor for the metal-ligand bond strength. He further assumed that (a) the A;-symmetrical CO stretching
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frequency does not couple with other vibrational modes and (b) that the A,-symmetrical CO stretching frequency corre-
lates with the M-L bond strength. By utilizing the local mode theory, we could for the first time assess the validity of
these important assumptions. Based on an intensive local mode analysis of ca. 200 nickel-tricarbonyl complexes we
could show that the TEP is at best a qualitative parameter, suffering from relatively large mode-mode coupling errors
(in the range of 100 cm™").?”>*”> Furthermore, we unravelled the basic problem that the A;-symmetrical CO stretching
frequency correlates with the intrinsic M-L bond strength if at all only within a small set of similar compounds. There
is also no direct relationship between the intrinsic M-L bond strength and the local CO stretching frequency, which is
free from any mode-mode coupling.?’>>”> Therefore, it is more efficient to assess the catalytic activity of transition
metal complexes (R),M — L directly from the metal-ligand electronic parameter (MLEP), which we define as the local
stretching force constant of the M-L bond or the related BSO n.>”*?”> In Tolman's defense it has to be pointed out that
he had to choose the A;-symmetrical CO stretching frequency, because of instrumental limitations. However, modern
advanced Terahertz spectroscopy”'*>°! can record far infrared absorptions down to 40 cm™" which easily includes
the range of the M-L stretching frequencies. The MLEP assesses both electronic and steric factors in a quantitative way
and therefore forms the ideal basis for a collection of M-L bond strength parameters across the periodic table. In addi-
tion, the MLEP can be determined for any metal or transition metal complex whether it contains CO ligands or
not.*>*’> So far we have introduced MLEPs for Pb, Ti, Cr ligand bonds,>’* Au—Au interactions,””* and Fe—H
bonding,254 which is discussed in more detail in the following.

In connection with a recent study of the trans-effect of different ligands L on Fe—H, and Fe—H™ bonding of a [NiFe]
hydrogenase mimic, Mako$ and co-workers introduced the MLEP for Fe—H bonds.?** 17 different ligands L were
applied including #-donor ligands such as C1~, F~, and OH", o-donor ligands such as CHJ , C,H; , NH; and o-donor/
r-acceptor ligands such as CN™ and CO. Figure 9 shows that the BSO(FeH) values of the compounds studied in this
work range between 0.4 and 0.65. As expected, the iron-hydride bonds in complexes B1-B17 are stronger than their
Fe—H, counterparts in complexes A1-Al7. It is interesting to note that in the case of the Fe—H, interactions, the
Fe—H, bonds turned out to be generally weaker than Fe—H, bonds in complexes A1-A17,%* although the Fe—H, bond
is the bond to be broken when complex A transforms into B, which is currently under further investigation.

As revealed by the results presented in Reference 254, Fe—H interactions are weakened by o-donor/z-acceptor
ligands while strengthened by o-donor or z-donor ligands. The opposite is true for the H—H bond of H,. It is weakened
by o-donor or z-donor ligands while strengthened by o-donor/z-acceptor ligands. These findings form a valuable basis
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for future catalyst design based on [NiFe] hydrogenase mimics and for systematic design of new biomimetic catalysts
for H, generation. The MLEP(Fe-H) can also be applied more broadly. Figure 9 includes two iron hydrides, the high
spin FeH, molecule, the only transition metal dihydride, which has been detected in the gas phase,*'? and the diatomic
FeH molecule, which has attracted a lot of attention in astrochemistry being one of the few molecules identified in the
sun.313’314

It is interesting to note that the Fe—H bond of the lowest-lying X*A state of FeH is as strong as the strongest NiFe
complex B17. This example shows the potential of the new MLEP(Fe—H) for the exploration of FeH bonding and the
design of new functional materials based on metal hydrides.>' >3

5 | CONCLUSIONS

In this article the local mode theory of Konkoli and Cremer was reviewed. It was shown that (a) the local mode theory
furnishes bond strength descriptors derived from force constant matrices with a physical basis, (b) provides the long-
searched-for extension of the Badger rule to polyatomic molecules, (c) and offers a simpler way to derive localized
vibrations in chemically relevant coordinates than via the complex route of overtone spectroscopy. Therefore, one can
say that the local mode theory bridges and unifies earlier attempts to obtain straightforward and easy to interpret chem-
ical information from vibrational spectroscopy.

Special features of the local mode theory which were discussed include:

« The local vibrational modes of Konkoli and Cremer can be directly derived from the fundamental normal modes
(obtained in the harmonic approximation of the potential energy) via mass-decoupled Euler-Lagrange equations.

« There is a 1:1 relationship between the normal vibrational modes and a complete, nonredundant set of local vibra-
tional modes via an ACS. This relationship forms the basis for the decomposition of each normal mode into local
mode contributions (analysis of vibrational spectra).

« The local mode analysis can also be applied to experimentally derived vibrational frequencies within the framework
of the harmonic approximation of the potential energy.

« In contrast to compliance constants being derived from the inverse of the force constant matrix in internal
coordinates, % each local mode force constant is assigned with a local vibrational mode, local mode frequency, mass,
and other local properties. No time-consuming Hessian matrix inversion is needed which is an important advantage
for the investigation of large systems.

« Local mode stretching force constants are directly related to the intrinsic strength of a bond and therefore, provide a
unique measure of bond strength based on vibrational spectroscopy.

« Local mode properties of molecules and periodic systems can be directly compared.

An overview of the great potential of the local mode theory was given, highlighting its successful application to
characterize covalent bonds (e.g., identifying the strongest and weakest covalent chemical bonds currently known in
chemistry) and weak chemical interactions such as hydrogen, halogen, chalcogen, pnicogen, and tetrel bonding, as well
as atom- - -xr interactions. New electronic descriptors such as a generalized Badger rule, a new aromaticity index and a
new metal-ligand electronic parameter, both being based on vibrational spectroscopy were discussed. We also showed
how the characterization of normal mode (CNM) procedure, which decomposes each vibrational normal mode into
local mode contributions can be used as an efficient tool to assess the validity of a VSE probe; and introduced the seam-
less extension of the local mode analysis from molecular to periodic systems. Our vision is that in the future the local
mode analysis will be routinely applied by the computational community like the natural bond orbital analysis.*!”**®
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APPENDIX A:
PROGRAM PACKAGE LMODEA

The local mode analysis (LMODEA) program package shown in Figure Al takes input information from a vibrational
frequency calculation including (a) Cartesian coordinates, (b) Hessian matrix, (c) atomic masses, and (d) 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 soft-
ware. Important to note is that experimental frequencies can be provided 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 torsion
angles, but LMODEA 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 systems*'®~3%2
and Cremer-Pople ring puckering and deformation coordinates®** recently applied to the study of the interplay of ring
puckering and hydrogen bonding in deoxyribonucleosides.””> Other parameters include out-of-plane angles,
pyramidalization angles, or parameters defined with regard to dummy atoms as needed for the description of strong
and weak metal-z interactions. LMODEA will then produce local mode data and if requested perform a CNM analysis
as shown in Figure 5. Python scripts interface the LMODEA output data to graphics software. It is important to note
that the computational effort of an LMODEA analysis is comparable to that of a standard NBO analysis. The first beta-
version of the code can be retrieved upon request.



34 of 34 WI LEY— 5 WIREs

-
Output files

KRAKA ET AL.

COMPUTATIONAL MOLECULAR SCIENCE

Vibrational frequency calculations
Gaussian, deMon2k, ORCA, Molpro, Cfour, VASP, Crystal17,...

(interfaces to more than 20 quantum chemistry programs)

1 Input files

Data files

XYZ, Zy, Mg, Hessian (F%), APT (4)

Local mode input Experimental freq.

R, A, D, t,, Tp,... (optional)

LModeA program

Adiabatic force constant (k%), adiabatic freq. (w?), Symmetry, normal freq.
adiabatic IR intensity (1), CNM, ACS... thermochemistry

Tables (LaTeX) and
Python scripts >

figures (DataGraph & PDF)

FIGURE A1l Flowchart of the local mode program
LMODEA



