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ABSTRACT: This Feature Article starts highlighting some recent
experimental and theoretical advances in the field of IR and Raman
spectroscopy, giving a taste of the breadth and dynamics of this
striving field. The local mode theory is then reviewed, showing
how local vibrational modes are derived from fundamental normal
modes. New features are introduced that add to current theoretical
efforts: (i) a unique measure of bond strength based on local mode
force constants ranging from bonding in single molecules in
different environments to bonding in periodic systems and crystals
and (ii) a new way to interpret vibrational spectra by pinpointing
and probing interactions between particular bond stretching
contributions to the normal modes. All of this represents a
means to work around the very nature of normal modes, namely
that the vibrational motions in polyatomic molecules are delocalized. Three current focus points of the local mode analysis are
reported, demonstrating how the local mode analysis extracts important information hidden in vibrational spectroscopy data
supporting current experiments: (i) metal−ligand bonding in heme proteins, such as myoglobin and neuroglobin; (ii)
disentanglement of DNA normal modes; and (iii) hydrogen bonding in water clusters and ice. Finally, the use of the local mode
analysis by other research groups is summarized. Our vision is that in the future local mode analysis will be routinely applied by the
community and that this Feature Article serves as an incubator for future collaborations between experiment and theory.

■ INTRODUCTION
Over the past two decades, vibrational spectroscopy has
developed into an important tool with ample applications in
chemistry and beyond.1−8 The number of available high
precision measured and calculated vibrational spectra is
constantly increasing thanks to rapidly advancing technologies
and computational methods. To demonstrate this, in the
following, some recent experimental and theoretical advances
will be highlighted rather than giving a complete overview of this
dynamic and complex field in all its breadth, which would be far
beyond the scope of a feature article.
Recent Experimental Advances. Infrared (IR) Spectros-

copy. The reach of infrared (IR) spectroscopy has extended
across gas and condensed phases via measurements in near- (ca.
4000−14000 cm−1), mid- (ca. 400−4000 cm−1), and far- (ca.
10−400 cm−1) infrared regions of the electromagnetic
spectrum.9−12 Considerable progress has been made toward
experimental techniques,12,13 in synergy with new theoretical/
computational methods supporting the interpretation of spectral
features with increasing degree of complexity.9,11,14−16 One
application toward modeling protein IR spectra comes in the
form of the python package AIM,17 created for the visualization
of protein amide-I band, which provides information on a
protein’s secondary structure. Recently, researchers have been
able to investigate proteins with conformational heterogeneity

with the use of Markov state models and calculated IR spectra.18

Fourier Transform IR (FTIR) is a practical tool to observe
structural changes in small cells and other biochemical
parameters in tissue samples.19−21 Vibrational sum-frequency
generation (SFG) spectroscopy has demonstrated a unique
capability to probe previously hidden protein conformational
dynamics at solid/liquid interfaces, as well as amide-I spectra
with a frequency equivalent to a concurrent IR and visible
signal.22−25 Chiral SFG also has implications in distinguishing
secondary structures of biomolecules and can solve biological
problems related with chiral selectivity of biomolecular
interactions at the molecular level.26−28

Raman Spectroscopy. For IR inactive compounds the
inelastic scattering of light (Raman scattering) provides a
powerful alternative. Of late, the experimental applications of
probing vibrational modes with Raman spectroscopy has been
expanded from food,13 condensed phases,11 textile,29,30
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catalysts,6 and biomedical purposes.31,32 Some advances that go
beyond standard Raman methods include the surface-enhanced
Raman spectroscopy (SERS), photoinduced enhanced Raman
spectroscopy (known as PIERS), low-frequency Raman spec-
troscopy (LFR) and tip-enhanced Raman spectroscopy
(TERS). This list is not meant to be exhaustive, but cover a
basic overview of techniques that have been generally more
favored in the scientific community. SERS has very recently
gained increasing interest for its ability to rapidly probe target
molecules noninvasively with high-selectivity and ultrahigh
sensitivity.33 This is due to both chemical contributions and
electromagnetic enhancement contributions. The interaction
between the plasmonic nanostructure surface and the
molecule(s) absorbed on it can lead to an average enhancement
range from 104−106 orders of magnitude.34 TERS, on the other-
hand, has a near-field approach, and based on the metal tip of
TERS, the spatial resolution can be significantly improved and
reach a resolution of about 10 nm.35 Recently, experimentalists
have used both SERS/TERS to uncover the landscape of protein
post-translational modification,36 altercations of red blood cells
and organs at the molecular level37−39 and the identification of
the “S” and “N” proteins in SARS-CoV-2.40 Also, the irradiation
of light on a substance without any other manipulation can lead
to an enhancement of several to a dozen times over SERS.41

Despite having some overlap of the spectral threshold with
regards to LFR, narrow wavelength band filters have been
suggested to enhance the applicability, albeit allowing only for
basic characterization.42 Most of these enhanced instrumenta-
tions have been able to describe vibrational motions (with
normal modes), and some have even been used to characterize
structural configurations, such as enantiomers.43 Understanding
and modeling protein conformational dynamics is a critical area
of interest for both clinical and computational sectors,31,44

where both Raman and IR spectroscopy have been used to elicit
the dynamic behaviors of proteins.25,36,45

Periodic/Condensed Phase Systems. For periodic and
condensed phase systems, vibrational spectroscopy can lead to
a plethora of valuable information regarding long-range
interactions46 and collective dynamics47 (such as hydration
and kinetics). Terahertz (THz) spectroscopy has a range of
about 0.1−10 THz (3−300 cm−1) and has become a popular
choice for the investigation of condensed phase systems. The
caveat of using these techniques is the lack of specific functional-
group transition,46 which generally means the use of these
experimental techniques needs to be paired with advanced
computational methods.11,48 The problem that arises with
condensed systems is the ability to provide vibrational modes
that have accurate vibrational assignments without mixed mode
coupling,49 even with utilizing powerful periodic density
functional theory methods. This also can apply for electro-
chemical materials, especially since the closed configurations do
not involve gaseous species in the redox reaction of sealed cell
batteries.4 For crystals, a recent publication with the use of
Raman scattering techniques displays the inconsistency of using
even second-order vibrational modes to describe structural
characteristics, since there are overlaps that complicate
structural assignment.50

Theoretical Advances. Computational vibrational spec-
troscopy has emerged as an independent, highly specialized
quantum chemistry subfield, complementing experimental
efforts with a rich variety of information regarding spectroscopic
properties and features, as well as predicting spectroscopic data
about compounds not being amenable to experiment (i.e.,

unstable and/or toxic compounds, or compounds suggested to
exist in space). The calculation of vibrational frequencies
requires the second energy derivative matrix (Hessian)
evaluated at a local or global energy minimum (i.e., stationary
point) on the potential energy surface (PES), which serves as
input for the so-called normal-mode analysis (NMA), providing
normal-mode frequencies and corresponding normal modes.51

A more detailed discussion is given in the methodology section.
Standard methods generally work within the harmonic
approximation of the PES leading to harmonic vibrational
frequencies.52 Algorithms for NMA and harmonic frequency
calculations have been integrated in many commercial/non-
commercial electronic structure software packages such as
QCHEM, GAMESS, GAUSSIAN, MOLPRO, HyperChem,
etc., and as such, are routinely used by the community. On the
lower-accuracy end, frequency calculations are typically
performed with classical molecular mechanics (MM) methods
being based on force field parameters either fitted by
experimental data or from ab initio calculations,53 on the
higher-end of the spectrum, quantum chemical (QM) methods
are applied ranging from Hartree−Fock (HF),54 density
functional theory (DFT) approaches,55,56 to expensive post-
HF wave function methods.9,14 DFT methods are a popular
choice because they are easy to use, providing analytical second
energy derivatives, and depending on the level of functional
used, are computationally accessible even for larger systems. On
the other hand, the choice of functional can strongly influence
the accuracy of the calculated vibrational data.57 Therefore, one
has to be mindful to select the appropriate functional for the
system under consideration, especially when calculating vibra-
tional properties for systems with noncovalent interactions.58

Hybrid QM/MM methods that combine quantum mechanical
descriptions with classical models have become a popular
compromise for large systems.59 First-principles molecular
dynamics (FPMD) simulations have emerged as an attractive
method for the simulation of vibrational spectra. They explicitly
treat the vibrational motion present in a compound and have
proven to provide a realistic description of large and condensed
systems subject to complex intramolecular and intermolecular
interactions.7,60−63 Statistical thermodynamics (in its quantum-
mechanical form) can be used for accurately predicting
vibrational thermodynamic properties by means of vibrational
frequencies.64

Beyond the Harmonic Approximation. Although the
harmonic approximation is undeniably useful both quantita-
tively and qualitatively and scaling procedures may help to get
closer to the experimental picture,65 there are scenarios when
the accuracy needs to extend beyond the harmonic approx-
imation. The use of anharmonic corrections to the PES has been
shown to create complications with the solution of the
Schrödinger equation. One way around this is to use vibrational
perturbation theory to the second order (VPT2), since the
vibrational states can be computed with respect to normal
modes.14 Utilizing VPT2, Morgan et al.66 was able to accurately
provide fundamental modes using a small PES grid of a
prototypical tetra-atomic system. Interestingly, a derivation of
fourth-order vibrational perturbation (VPT4) was based on the
Watson Hamiltonian in dimensionless rectilinear normal
coordinates and applications for this include semiclassical
transition state theory.67 Vibrational configuration interaction
(VCI) in combination with vibrational self-consistent field
methods (VCI-VSCF)14 or ab initio molecular dynamics
(AIMD)68 are frequently used alternatives. Newer coarse-
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grained methods, such as “rectangular collocation’, have been
shown to produce frequencies within 1 cm−1 of experiment
without the need for a defined PES, largely decreasing the
computational bottleneck for complex systems often found
when observing molecule−surface interactions.69 On a separate
note, Fortenberry and Lee70 have described quartic force fields
(QFFs) as defining the potential portion of the internuclear
Hamiltonian. This QFFs methodology was used to represent
rotational constants that are chemically computed with a
condition that the molecules of interest have two or more heavy
atoms.71 With this, they benchmarked predicted fundamental
vibrational frequencies within 5.7 cm−1 from the experiment.

Machine-Learning-BasedMethods.Machine learning (ML)
methods have classified a new frontier of computational
chemistry, bridging the gaps formed by vibrational analysis
and structural analysis, with the potential for predicting spectral
motifs and generating vibrational maps17,72,73 for a series of
compounds at a time. There are several strategies with varying
degrees of utility when it comes to simulating chemical
environments and vibrational spectra in ML, such as artificial
neural networks (ANN),74,75 autoencoders (AE),76 Gaussian
process regression (GPR) models,73 and several others.33 These
models not only have been used to isolate spectral signals and
eliminate congestion in complex spectra,77 but they have also
been used to expand the computational limit of simulating
macro-scale dynamics at the quantum level.78 Generally,
machine learning algorithms involve a step to learn intrinsic
behaviors and patterns of the system known as “training”, a
validation step to assess the success of the training and tune the
hyperparameters, and a testing step where new information is
fed to the model and the generative aspect of these models
become apparent.79 Factors that diminish the current successes
of these models include poor model generalizability and an
intrinsic reliance on the training set or level of theory that was
used to generate the model.80 On the other hand, these models
have seen a wide array of uses in the field of computational
chemistry, including force fields,78 excited state dynamics,81 and
simulating solvent effects in IR spectra.82 ML methods have
recently gained attention for their use in constructing vibrational
spectra from MD/AIMD trajectories,83−85 and this direction
shows promise for elucidating the spectral connection for
complex chemical systems.
Overall, there have been considerable advances in the field of

vibrational spectroscopy, both concerning experiment and
theory. However, what has been missing is a quantitative
measure of bond strength based on vibrational spectroscopy
data and a way to unravel the rich information contained in an
IR/Raman spectrum. This is what the local vibrational mode
theory adds to the toolbox.

■ LOCAL VIBRATIONAL MODE THEORY
In the following, the essence of our local vibrational mode theory
and its place in the field of theoretical vibrational spectrosco-
py8,86−88 is summarized; a comprehensive review is given in ref
89 based on the original work of Konkoli-Cremer.90−94

Normal Mode Analysis and Wilson GF Formalism.
Starting from the force constant matrix F, information about the
Nvib (Nvib = 3N − Ntr, and Ntr = 5 or 6 for linear and nonlinear
molecules with N atoms) vibrational frequencies and how the
atoms move under a certain vibration can be retrieved from
solving the vibrational secular equation.86−88 Expressed in
Cartesian coordinates this equation takes the form

F L MLx = (1)

where matrix L collects the Nvib vibrational eigenvectors lμ̃ in its
columns. Λ is a diagonal matrix with the eigenvalues λμ,
connected to the harmonic vibrational frequencies ωμ according
to c4 2 2 2= , and c is the speed of light. M is the diagonal
mass matrix of the molecule in question which contains each
atomic mass three times to account for the motion in the x, y,
and z direction, respectively, i.e., Mi,i = {m1, m1, m1, m2, m2, m2,
...}. The tilde above a vector or matrix symbol indicates mass-
weighting. Matrix L has the following properties

L ML I=† (2)

L F Lx =† (3)

i.e., matrix L and eigenvalue matrix Λ are obtained by
diagonalization of the force constant matrix. Usually, the normal
mode vectors l are renormalized according to

ml
l l

l l1 R= =
†

(4)

where m l l( )R 1= † is the reduced mass of mode μ. Eq 4

expressed in matrix form leads to L L M( )R 1/2= .
Matrix L also satisfies eq 1, which leads to

L F L Kx =† (5)

L ML MR=† (6)

Eqs 5 and 6 define the diagonal normal force constant matrix K
and the reduced mass matrix MR (with elements mR),
respectively. Eq 5 leads to the transformation of the Cartesian
coordinates to normal coordinates Q, which together with the
normal modes and the force constant matrix K forms the basis
for the normal-mode analysis; an integral part of all modern
quantum chemistry packages calculating vibrational frequen-
cies.95 The vibrational secular equation expressed in internal
coordinates qn is given by86

F D G Dq 1= (7)

D contains the normal mode vectorsd (μ = 1, ...,Nvib). The real
symmetric matrix G is the Wilson G matrix,86 also called the
inverse kinetic energy matrix, with off-diagonal elements of the
form Gij = Gji describing the kinetic coupling between modes i
and j.86 Renormalization ofD according toD D M( )R 1/2= leads
to

F D G Dq 1= (8)

D F D Kq =† (9)

D G D MR1 =† (10)

Cartesian and internal coordinate systems are connected by
the following equations:

F C F Cxq = † (11)

G BM B1= † (12)

D BL= (13)

The rectangular Wilson B matrix provides the relationship
between internal and Cartesian coordinates via the first
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derivatives of the internal coordinates qn (n = 1, 2, 3,...,Nvib) with
regard to the Cartesian coordinates xi (i = 1, 2, 3, ..., 3N)

q

x
B

x( )
n

n

i
=

(14)

Important to note is that this can be extended to other
coordinates, such as curvilinear coordinates describing ring
inversion and bond pseudorotation in Jahn−Teller systems96−98

and Cremer−Pople ring puckering coordinates,99 or internal
valence coordinates,100 etc., as long as the Bn vector can be
derived according to eq 14 for the coordinate n under
consideration. The B matrix also provides the link between
the G matrix and the diagonal mass matrix M matrix86

G BM B1= † (15)

Matrix C is the general-inverse of the B matrix86 defined by

C M B G1 1= † (16)

BC INvib
= (17)

It has to be noted that CB ≠ I3N since B is spanned in the Nvib-
dimensional vibrational space only.
It is important to stress that normal coordinates Q are

generally a linear combination of Cartesian or internal
coordinates as shown by Wilson101 providing the important
link between normal and internal coordinates

q Bx q DQand= = (18)

Left multiplication of both sides of eq 18 by D G 1† leads to,

Q D G q1= † (19)

with D G D I1 =† .101 A closer look at each entry (i.e., normal
coordinate)Qn of the amplitude vector in normal coordinatesQ
in eq 19 reveals

Q D G q( )n
j

N

nj j
1

vib

= †

(20)

Eq 20 provides the important mathematical proof that normal
coordinates are linear combinations of internal coordinates
obtained by the linear transformation of space represented by eq
19. Inserting q = Bx into eq 19 provides the proof of Barone’s,
Puzzarini’s, and co-workers’ recent suggestion that normal
coordinates can be expressed as linear combinations of
Cartesian coordinates as well14

Q D G Bx1= † (21)

Mass-Decoupled Euler−Lagrange Equations. Normal
vibrational modes embed complex and rich information on the
electronic structure of a molecule and its chemical bonds, ready
to be decoded. However, as shown in eqs 19−21, they are
generally delocalized in the case of polyatomic molecules as
given by the nature of the normal coordinates. This can easily be
visualized in a normal mode animation showing the normal
mode as a collective motion of internal coordinates. To obtain
information about a specific molecular fragment, in particular to
derive a bond strength measure based on vibrational spectros-
copy data, the normal vibrational modes have to be transformed
into local vibrational modes describing a specific molecular
fragment of interest. For this purpose, Konkoli and Cremer went
back to the original theory of a vibrating molecule and derived in
their seminal work90−94 Euler−Lagrange equations for a

molecular fragment ϕn being described by an internal parameter
qn while being independent of all the other internal coordinates
qm (m ≠ n). They considered this fragment motion as a motion
being obtained after relaxing all parts of the vibrating molecule
but the fragment under consideration. Because of this property,
they originally coined these modes adiabatic internal coordinate
modes.90,91 However, over the years for reasons of simplicity, the
term local modes was adapted.89

In their ansatz, qn is frozen at its equilibrium value qn while
the other coordinates qm (m ≠ n) can relax. At the minimum of
the potential V(q), then the following holds:

V q( ) min= (22)

q qn n= (23)

Eqs 22 and 23 can be solved using the method of Lagrange
multipliers

q
V q q m Nq( ) ( ) 0 1, ...,

m
n n n vib[ ] = =

(24)

leading to Nvib Lagrange multipliers λn

V
q

m n N
q( )

, 1, ...,
m

n mn vib= =
(25)

Eq 25 defines a one-dimensional subspace in the full vibrational
space for each internal coordinate qn. In this way, one obtains an
internal, i.e., local vibrational mode associated with fragment ϕn.
It is important to note that the Euler−Lagrange equations are

generally defined for any potential V, however the local
vibrational mode theory is based on the harmonic approx-
imation of the potential. After the solution of the vibrational
problem in the harmonic approximation, the potential energy
and each internal coordinate qn can be expressed as functions of
the Nvib normal coordinates Qμ leading to the determination of
the n Lagrange multipliers λn.

V Q k QQ( )
1
2

N

1

vib

=
=

†

(26)

q D QQ( )n

N

n
1

vib

=
= (27)

Dn,μ is an element of the normal mode matrix D in the internal
coordinate space and kμ is the corresponding normal mode force
constant. Eq 26 can be solved under the constraint q qn n= , i.e.,
eq 23

Q
V q q NQ Q( ) ( ( ) ) 0 1, ...,n n n vib[ ] = =

(28)

leading to eqs 29 and 30

V
Q Q

q q
q q

Q
Q

Q
Q( )

( ( ) )
( ( ) )

0n
n n n

n n =

(29)

V
Q

q

Q
Q Q( ) ( )

n
n=

(30)
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considering that in eq 29q qQ( )n n= at an equilibrium, i.e.,

q qQ( ( ) ) 0n n = and that qn is a constant, i.e., 0
q

Q
n = .

Insertion of eq 26 for V(Q) and eq 27 for qn(Q) into eq 30 leads
to

Q
k Q

Q
D Q

1
2

N

n

N

n
1

2

1

vib vib

=
= = (31)

and

k Q Dn n= (32)

and for the μth normal coordinate

Q
D kn n

n

( ) =
(33)

where the superscript (n) of Q(n) denotes a solution obtained
under the constraint for qn = qn . This leads to an expression for

the Lagrange multipliers λn in terms of qn

q D Q
D

kn

N

n
n

N
n

n
1

( )

1

2vib vib

= =
= = (34)

q1
n

N D

k

n

1
nvib
2=

= (35)

Inserting eq 35 into eq 33, one obtains the normal coordinate
Q n( ) as a function of qn

Q q Q qn

D

k

N D
k

n n n
( )

1

,
0

n

nvib
2= =

= (36)

with the constant Q n,
0 defining the μ-th component of the

adiabatic vector in the normal coordinates

Q Q Qa
K d

d K d
( , , ..., , ...)n n n n

n

n n
1,
0

1,
0

,
0

1

1= =†
†

† (37)

Eq 37, which completely specifies the form of the adiabatic
mode, implies the important result that all what is needed for the
local mode analysis are the normal mode force constant matrixK
and the normal mode vectors dn in internal coordinates, i.e., the
LMA analysis can be routinely performed after a standard
vibrational frequency calculation via the Wilson GF formalism.
The local mode vector an can be easily transformed into
Cartesian coordinate space

a Lan
x

n= (38)

where L is the normal mode matrix in Cartesian coordi-
nates.90−94

Properties of Local Modes. Once the local mode vector an,
which determines the movement of the molecule under the
influence of parameter is known, one can define molecular
properties corresponding to this motion, such as local mode
force constant, local mass and local frequency.90−94

The corresponding local force constant kn
a of local mode n

(superscript a denotes an adiabatically relaxed, i.e., local
mode)102 can be expressed as

k a Ka
d K d

1
n
a

n n
n n

1= =†
† (39)

It has to be noted that the units of B-matrix elements for bond
lengths and bond angles are different, and as such the unit of
bond length force constant ka(AB) is mDyn/Å and the unit of a
bond angle force constant ka(ABC) is mDyn·Å/rad2. The same
is also true for other dihedral or curvilinear phase angles.96 The
associated local mass is defined as

m
GB M B

1 1
n
a

n n nn
1= =† (40)

where Gnn is a diagonal element of Wilson’s G matrix.86

From the local mode force constant kn
a and local mode mass

mn
a the local mode frequency can be calculated

c
k
m

c G a Ka( ) 1/(4 ) 1/(4 )n
a n

a

n
a nn n n

2 2 2 2 2= = †

(41)

In addition, the local mode infrared intensity has been defined
which can be related to bond dipole moments.95

Zou and Cremer103 provided the important proof that the
local stretching force constant kn

a(AB) reflects the intrinsic
strength of the bond/interaction between two atoms A and B
being described by an internal coordinate qn qualifying kn

a(AB)
as perfectly suited bond strength descriptor. It is convenient to
base the comparison of the bond strength for larger sets of
molecules on a chemically more prevalent relative bond strength
(BSO n) rather than on a comparison of local force constant
values. Both are connected via a power relationship of the form

n A kBSO ( )n
a B= according to the generalized Badger rule

derived by Cremer, Kraka and co-workers.104,105 The constants
A and B are calculated from kn

a values of two reference
compounds with known BSO n values 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 BSO n = 1 and 2, respectively.106 In the case of
more complex bonding situations such as metal−ligand
bonding, guidance by Mayer bond orders107−109 can be utilized,
as discussed below. Important to note is that reference
molecules and target molecules should be described with the
same model chemistry (i.e., method/basis set) to guarantee that
the BSO n values compare well.
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 anymodel chemistry used for the calculation, and
even more importantly, which include anharmonicity effects not
being captured by calculated harmonic frequencies.110−112 The
underlying assumption is that calculated normal mode vectors
dμ are a reasonable approximation to the true normal mode
vectors d . This assumption forms the basis for all frequency
scaling procedures,113−116 and therefore is well-founded. With
D′ ≈ D the true force constant matrix Fq′ can be expressed via a
perturbation added to the calculated Fq matrix, i.e., Fq′ = Fq +
ΔFq, as shown by Konkoli and Cremer,110,111

F F D G D( ) ( )q q 1+ = + (42)

The perturbation matrix ΔFq can be obtained from

F D Gq 1= (43)
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where ΔΛ in eqs 42 and 43 collects the differences between
experimental and calculated normal-mode frequencies. This
leads to the true diagonal force constant matrix K′ within the
harmonic framework provided by the normal mode vectors dμ.
The adiabatic mode analysis can then be performed in the same
way as it is for the calculated frequencies. An example illustrating
this procedure can be found in ref 110 for the water dimer. If
there are less than Nvib measured normal-mode frequencies
available, which is often the case, calculated normal-mode
frequencies can be used to complement the set.110−112

Adiabatic Connection Scheme (ACS). An important mile-
stone 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,
allowing a smooth transition from local to normal modes.102

With the help of the inverse of F( )q 1 the so-called compliance
matrixΓ117 the vibrational eigenvalue eq 8 can be expressed as

D G D1 1= (44)

GR R= (45)

A new eigenvector matrix R is given by

R D F D D K( )q1 1= = = † (46)

Zou and co-workers partitioned the matrices Γ and G into
diagonal (Γd and Gd) and off-diagonal parts (Γod and God):

102

G G R R( ) ( )d od d od+ = + (47)

The perturbation parameter λ in eq 47 slowly converts the local
vibrational modes, (λ = 0) adiabatically into their corresponding
normal mode counterparts, (λ = 1) by slowly switching on Γod
and God, i.e., by switching on the masses and in this way
activating the mass-coupling. This one-to-one transformation
between local and normal vibrational modes forms the
fundamental proof for the decomposition of normal modes
into local mode contributions opening new avenues for a
comprehensive analysis of vibrational spectra.

Characterization of Normal Modes (CNM). 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 lμ into local mode contributions for a
nonredundant set of Nvib local vibrational modes an by

calculating the overlap between each local mode vector an
x

with this normal mode vector, lμ as Snμ according to eq 48
92−94

S
a l

a a l l

( , )

( , )( , )n
n
x

n
x

n
x

2

=
(48)

where (a, b) is the scalar product of two vectors a and b
including a metric

a O ba b( , )
i j

i ij j
,

=
(49)

Oij is an element of the metric matrix O. We generally use the
force constant matrix Fx as metric, namely,O = Fx, to include the
influence of the electronic structure. As derived by Konkoli and
Cremer92 the contribution of local mode an to the normal mode
lμ is given by

C
S

S
n

n

m
N

m
vib

=
(50)

i.e., a completely localized normal mode lμ has a Cnμ value of 1
(corresponding to 100% if Cnμ is given as percentage). In
essence, the CNM procedure complements the ACS analysis
with a nonadiabatic picture, i.e., a snapshot of the normal modes
expressed in terms of the local mode contributions. As an
illustration, the ACS and CNM plots (Figure 1a and 1b,
respectively) of methylthiocyanate, a prototype for popular CN
vibrational Stark effect (VSE) probes118 are shown, clearly
revealing that the CN probe bond in CH3SCN is strongly
localized, which is the prerequisite for a perfect VSE
probe.119−121

It has to be noted that whereas LMA properties can be
calculated for a restricted number of local mode parameters,
both ACS and CMN require a complete nonredundant set of
Nvib local mode parameters. There are different possibilities to
define a nonredundant set of local mode parameters, often being
guided by chemical intuition. Work is in progress to develop an
automatic procedure which narrows down the number of
possibilities by minimizing the coupling frequencies between
local and normal mode,102 complemented with thermodynamic
information. In addition, we are exploring the possibility to
derive the physically meaningful sets guided by Lagrangians that

Figure 1. (a) Adiabatic connection scheme and (b) decomposition of normal modes into local mode contributions for CH3SCN: ωB97X-D/aug-cc-
pVDZ level of theory.122−124 Reprinted with permission from ref 89. Copyright 2020 from Wiley.
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lead to the same equations of motion for the sets under
consideration.125

As a closing remark of this section, our local CH vibrational
mode frequencies correlate well with experimentally derived
local modes from overtone spectroscopy105 and with local
modes derived via isotope substitution (see Figure 2);112 details
are given in ref 89. However, the use of overtone spectroscopy as
a means of obtaining local mode information is mostly limited to
terminal bonds, difficult for complex systems such as
proteins.50,126−128 Extensive use of isotope effects to other
than XH bonds129 is difficult regarding the huge experimental
effort and the fact that isotopes which considerably increase the
atomic masses are not available for most of the atoms,130 and
therefore is mostly applied in specific cases, such as atomic-scale
vibrational spectroscopy.131 In summary, our approach offers a
simpler and more straightforward way to derive localized
vibrations compared to the complex route via overtone
spectroscopy and/or isotope spectroscopy. The local vibrational
mode software LModeA132 has interfaces for about 20 popular
quantum chemistry programs. The package, including source
code, user manual, and tutorial, can be obtained on request free
of charge from the authors, see Supporting Information for a
more detailed description.

■ RESULTS AND DISCUSSION
LMA has advanced over the past years as a powerful bond
strength descriptor accounting for both covalent bonds and
noncovalent interactions stretching from hydrogen bonds,
halogen bonds to tetrel bonds and π-whole interactions. Some
recent examples include refs 133−135. Different molecular
environments were considered such as systems in solution136 or
in proteins.137 Another focus has been metal−ligand bonding,
which led to a new metal−ligand electronic parameter (MLEP),
i.e., the local metal−ligand force constant as a quantitative
measure of the metal−ligand bond strength replacing the more
qualitative Tolman electronic parameter (TEP), which assesses
the metal−ligand bond strength in carbonyl complexes
indirectly via the normal CO stretching frequency.138−140

Going beyond LMA’s use as bond strength descriptor, a new
aromaticity index was defined,141−143 new measures for
chemical similarity,144,145 molecular acidity,146 and chiral
discrimination147 were established. LMA was paired up with

the Cremer−Pople ring puckering analysis99 to shed new light
into the conformation of deoxyribonucleosides,148 and the
concept of σ- and π-holes was translated into vibrational
spectroscopy,134 just to name a few. Recently, a whole new scope
of chemical systems was unlocked with the extension of LMA to
periodic systems and crystals.149,150 In addition, CNM studies
have provided a new way to analyze vibrational spectra as
applied to provide a measure for assessing the quality of Stark-
effect probes121 the community has been looking for. In the
following, some representative LMA applications are high-
lighted (for a comprehensive overview of LMA showing the
breadth of application possibilities, the reader is referred to ref
89 and references therein). At the end of this section recent
applications of LMA by other groups are reported.
Metal−Ligand Bonding in Heme Proteins. The

quantification of metal−ligand bonding in proteins is of
paramount importance for a deeper understanding of bio-
chemical processes.151 As an example, heme proteins such as
myoglobin (Mb)152 and neuroglobin (Ngb),153,154 both
members of the globin superfamily of proteins,155,156 share a
comparable active site with a prosthetic heme group consisting
of a protoporphyrin ring with a central iron core, which is
attached to the protein backbone via the proximal histidine.
Signaling ligands L such as CO, NO, O2, H2S coordinate to the
Fe on the opposite site of the porphyrin ring interacting with the
distal histidine. Their key role is to cause conformational
changes of the protein, resulting in diverse enzymatic
activities.155−157 In higher doses, ligands such as CO or H2S
can lead to poisoning158,159 or to oxidative stress.160 Therefore,
it is imperative to learn more about FeL and L···H binding in
these enzymes. Vibrational spectroscopy studies, including
difference spectroscopy,161 Far-IR and THz domain spectros-
copy,162 resonance Raman,163−165 and time-resolved resonance
Raman,166 complemented with computational investiga-
tions153,167 have suggested that the biological functions of
these proteins are related to the strength of the FeL bond,
without being able to quantify these effects. In three recent
studies applying LMA and a hybrid QM/MM methodology,168

we could for the first time (i) quantify the suggested inverse
correlation between the CO and FeC bond strength165 and the
special role of CO···H bonding in Mb137 and (ii) successfully
clarify the binding mode of azanone (HNO) to the heme group

Figure 2. (a) Local mode stretching frequencies versus fifth overtone CH stretching frequencies (experimental data was taken from Table 4.3 of ref
105). (b) Local mode versus isolated CH stretching frequencies derived from isotope substitution. from Table 1 of ref 112. Reprinted with permission
from ref 89. Copyright 2020 from Wiley.
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of Mb,117 a long debated question.157 Utilizing the same
computational protocol as applied in our MbCO study137 we
investigated CO bonding in hexacoordinate (CO ligated to Fe)
and penta-coordinate (CO dissociated from the heme group but
trapped in the active site) scenarios for the wild type NgbCO
and nine known protein mutations, see Supporting Information
for details.169 In contrast to MbCO we found a less pronounced
correlation between the CO and FeC bond strength, see Figure
3a. Further interesting details are revealed by the CNM analysis
shown in Figure 3b. The normal CO stretching mode at 2095
cm−1 is 94% localized, there is no particular hydrogen bond
interaction with the distal histidine (NH stretching at 3657 cm−1

is 100% localized), whereas the Fe−C bond (556 cm−1) strongly
couples with porphyrin and proximal histidine motions. These
results qualify the CO bond as convenient probe to monitor
changes of the electronic effects during protein modification

providing valuable insights for the fine-tuning of existing and the
design of new neuroglobin models with specific FeC and CO
bond strengths.
Disentanglement of DNA Vibrational Modes. Linear

and nonlinear vibrational spectroscopies have been of particular
interest to monitor changes in the secondary structure of
DNA.170−177 Nevertheless, categorical structural assignment of
the characteristic normal vibrational modes within the frequency
range of 1500−1800 cm−1, which is the fingerprint region of in-
plane base vibrations, is hindered by spectral conges-
tion.170,177,178 Not only does spectral congestion pose a
conundrum for nucleic acids, but for polyatomic molecules as
a whole, as a result of the very nature of normal vibrational
modes.101 High delocalization and, consequently, different types
of interactions between functional groups (vibrational coupling)
make it hard to determine specific bond contributions as spectral

Figure 3. (a) Relation between the CO local mode force constant and the FeC local mode force constant for the wild type NgbCO and its protein
mutations. (b) Decomposition of the selected normal modes into local mode components for the protonated distal histidine of NgbCO (H64δϵ). Σσ
comprises the summation of all of the σ local mode contributions below the threshold of 1%; details of the calculations can be found in the in the
Supporting Information.

Figure 4.CNM plot of the characteristic vibrational region of deuterated 9-methyladenine:1-methylthymine base pair (AT) at theωB97X-D(PCM)/
aug-cc-pVTZ level of theory in the cavity within the water dielectric medium.122−124,180 Bonds suggested for base-pair coupling in the literature are
colored in the Chemdraw sketch (see text for details). Normal mode frequencies are scaled for anharmonicity effects by a factor of 0.9614. Σσ
comprises the summation of all of the σ local mode contributions below the threshold of 5%.
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signatures of polyatomic molecules of interest.170,179 LMA offers
a helping hand to detangle the congested information.
2D IR derived normal-mode frequencies suggest that specific

CC and CO stretching vibrations in adenine (A), guanine (G),
cytosine (C), and thymine (T) are prone to base pair coupling in
the fingerprint region.171,173−175,177,178Figure 4 shows the CNM
analysis for the A:T base pair, which clearly confirms and
quantifies the experimentally based proposal. The normal mode
associated with the fingerprint vibration at 1599 cm−1 has a 30%
contribution of the CC bond (green color) of adenine and
smaller contributions from the CC and the two CO bonds
(orange, blue, and pink color) of thymine as suggested. The
normal mode associated with the fingerprint vibration at 1656
cm−1 contains 55% CC coupling (blue color, Figure 4) and the
fingerprint vibration at 1673 cm−1 contains 65% and 13% CO
coupling (blue and pink color, respectively, see Figure 4) of
thymine. These results show how LMA and in particular CNM
can considerably increase our current understanding of the
secondary structure of DNA.
Hydrogen Bonding in Water Clusters and Ice. A

common theme in determining the vibrational spectroscopy of
water is unraveling site-specific interactions in water clusters,
namely in characterizing the free and bound O−H stretches.
Using linear spectroscopy, such as FTIR and Raman, can reveal
essential information about hydrogen bond strengths and the
local environment of water through the OH stretching mode
frequency; however, these spectra often suffer from spectral
congestion and band broadening.181,182 Beyond purely vibra-
tional spectroscopy, vibrational SFG has recently been used in
visualizing the extent of interfacial water and probing water−
surface interactions.24,183,184 This technique improves upon
pure IR measurements by distinct electronic excitations that
suggest molecular locality and directionality in addition to
characteristic vibrational modes. A special case of SFG is Second
Harmonic Generation (SHG) spectra where the visible and IR
excitation frequencies are identical; recent studies emphasizing
second order nonlinear susceptibility measured in SHG have
diminished some issues researchers have experienced in
modeling more distinct features in charged interfaces and
water−silica interfaces,185−187 including acceptor−donor, ac-

ceptor−donor−donor (ADD), acceptor−acceptor−donor
(AAD), as the main examples.188 The AAD class is characterized
by a free OH group while the ADD class is composed of
exclusively boundOH groups.Many geometries can be achieved
by mixing classes of these water models that present varying
degrees of internal hydrogen bonding, which these demonstrate
useful structural properties for researchers.189 Recent computa-
tional advances include the calculation of vibrational spectra of
isolated molecules in perdeuterated cages, which allow for the
isolation of specific O−H stretching modes depending on the
site of addition.190 Other methods have focused on analyzing
local behavior of cold clusters to reduce the extent of congestion
and band-broadening seen in observing characteristic transitions
of the O−H stretch in the 3000−3700 cm−1 region.188,191 The
chemistry of protonated water clusters has been explored using
VCI-VSCF, in particular to probe local structural defects
involved in site-specific protonation across the hydrogen
bonding network, showing a good match for experimental
measurements of protonated water clusters and better account
for anharmonicity via AIMD data.126,192,193 In this scenario,
LMA provides the perfect complementary tool to shed more
light into the multiplex structures of water by quantifying the
strength of individual O−H and hydrogen bonds in these
complex systems. Recent calculations with LMA of water
clusters demonstrate a push−pull effect194 contributing to the
relative O−H bond strengths seen in the prism hexamer when
compared to the water dimer. Figure 5 shows the character-
ization of normal modes for the water dimer (Cs)

110 compared
against the water prism hexamer (C1).

194 The vibrational space
selected for the water dimer can be contrasted with that of the
water prism (the same colors represent the local vibrational
modes mirrored between the two systems). It should be noted
that the normal vibrational mode at 196 cm−1 for the water
dimer has 65% of H4O1 character, which represents the only
hydrogen bond. The remaining part of the vibrational space is
related to bond and angle local vibrational modes. The region
3247−3837 cm−1, while noticeably blue-shifted, matches with
the expected region of the bound O−H stretch in 3000−3600
cm−1,188 and the local modes within this region comprise the
major character for the associated normal modes. The region

Figure 5. CNM plots of (a) the water dimer (Cs) and (b) the water prism hexamer (C1). Calculations were performed at the ωB97X-D/aug-cc-pVTZ
level of theory. The vibrational space in both cases was chosen so as to reveal the differences upon clustering, as well as the strongest and weakest
hydrogen bonds and O−H covalent bonds in (b) (see text for details). Σσ comprises the summation of all of the σ local mode contributions below the
threshold of 6%.
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3948−3950 cm−1 alsomatches the expectation for the free O−H
stretch around 3700 cm−1,191 with some overlap in the normal
mode 3948 cm−1 due to the degeneracy of the set of local modes
selected. For the water prism, the decomposition of normal
vibrationalmodes was intended to show, besides the comparison
with the dimer, the composition in terms of the local vibrational
modes encoding information about the strongest and weakest
O−Hcovalent bonds and hydrogen bonds, as revealed by Figure
6a and 6b, respectively. Figure 6 compares ka values in terms of a
relative bond strength order (BSO) n based on the HF bond of
FH with BSO n of 1 and the HF bond of the [F−H−F]−1 anion
with BSO n of 0.5. In accounting for the relative length of the
interaction spanned by the hydrogen bonding shown in the
hexamer compared to the dimer, these interactions appear to
benefit from neighboring hydrogen bonding partners polarizing
individual hydrogen bonds to increase the overall strength of the
individual O−H stretches as shown by the relative force
constants (ka). This phenomenon that has been described in a

prior study as the push−pull effect of hydrogen bonding in
clusters.194Figure 6 substantiates the patterns viewed in Figure 5
as the free O−H stretches are shown to be the strongest
interactions where the bonded O−H stretches are much weaker.
We have also applied local mode force constants derived from

periodic local vibrational modes149 to quantify the intrinsic
hydrogen bond strength of 16 ice polymorphs, ices IIh, II, III, IV,
V, VI, VII, VIII, IX, XI, XII, XIII, XIV, XV, XVII, and XIX, that
are stable under ambient to elevated pressures.150 Analyzing ca.
2000 different hydrogen bonds in these polymorphs we found
that Ih (the most frequently occurring hexagonal form of ice on
the Earth), XI, and XVII ices have the strongest hydrogen bonds,
on the opposite side of the spectrum ices VII and VIII (existing
in the Earth interior) have the weakest H-bonds whereas Ices II,
III, IX, XII, XIII, XIV and XIX have strong and intermediate
hydrogen bonds and ices IV, V, VI, and XV have all three types,
as depicted in Figure 7a. Relating our results to the currently
accepted water-ice diagram195 (see Figure 7b) reveals that ices

Figure 6. Relative BSO n versus ka for (a) O−H covalent bonds of the water monomer (C2v), the water dimer (Cs), and the water prism hexamer (C1)
and (b) hydrogen bonds of the water dimer (Cs) and the water prism hexamer (C1). Calculations were performed at theωB97X-D/aug-cc-pVTZ level
of theory.122−124

Figure 7. (a) Percentage of strong, intermediate, and weak hydrogen bond classes within each ice polymorph, represented by differently colored bars.
Classification according to lkna values: ≥0.250 mdyn/Å strong, 0.249−0.177 mdyn/Å intermediate, and ≤0.176 mdyn/Å weak. (b) Hydrogen bond
strength variation across the water−ice phase diagram. Gray bars spanning three pressure regions (0−0.7, 0.7−1.6, 1.6−50 GPa). Circles and squares
distinguish between disordered and ordered ices respectively, and colors for indicating different ices. Computational details are given in ref 150.
Reprinted with permission from ref 150. Copyright 2022 from the American Chemical Society.
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in the 0−0.7 GPa region are dominated by strong hydrogen
bonds; ices in the central region (0.7−1.6 GPa) have a high
percentage of intermediate hydrogen bonds whereas ices in the
high-pressure region (up to 50 GPa) are mostly comprised of
weak hydrogen bonds. Based on these findings we suggest using
local mode force constants as a tool to predict at what pressure a
new ice form will most likely be stable, guiding complex
experiments aimed at verifying predicted ice forms; currently
more than 50.196

Use of LMA by Other Groups. LMA has begun to be used
by other research groups for a number of different topics. For
example, the Gatto group197 has utilized LMA to decompose
normal modes into local modes (via CNM procedure) of
heterogeneous atoms in a binuclear copper(II) complex with a
hydrazone ligand. They were able to determine the information
that is hidden in the vibrational normal modes and compare the
local vibrational frequencies from different DFT functionals
with their experimental spectra results. Local force constants
were recently used by Zou et al.198 to study the properties of
copernicium fluorides, where they were able to qualitatively
show the trend of Cn−F bond lengths and force constants with
respect to generalized Mayer’s Bond Order of Cn−F. This trend
describes that there is a single bond in CnF2, CnF4, CnF6, and
half a bond in CnF. Morrison et al.199 studied bond strengths by
using LMA for 31 CHNO-containing molecules. They were able
to observe an exponential relationship between the local force
constants and the bond length of seven different CHNO-
covalent bonding types, where the strongest bond was the
shorter bond length. Kabir and co-workers200 used LMA to
describe the hydrogen bonding profile of the isoalloxazine ring
in the lumiflavin molecule. Bond lengths, local force constants,
and bond strength orders BSO n were calculated for all bonds in
the lumiflavinmolecule, and it was quantitatively determined the
carbonyl carbons exhibited the greatest sensitivity to hydrogen
bonding in the flavin scaffold. To study the strengths of various
internal hydrogen bonding types, Trindle and collaborators201

used LMA to rank the relative bond strengths with the relative
stretching force constants. With the power relationship between
the local force constant and the density at the bond critical point,
they were able to order the bond strength as such: strongest O−
H···O�C > N−H···O�C > O−H···N, intermediate N−H···
O�C ≥ N−H···O ≈ C−H···O�C, and weakest C−H···N >
C−H···O. Gargano and associates202 recently used LMA as a
validation metric for their calculations concerning amino
radical-noble gas adducts. They concluded that the local force
constants they observed for their complexes fell inline with the
lowest calculated dissociation energies for the bonding
interactions, and deduced these models provided congruent
characterizations for the model chemistry. Burger and his
group203 were able to confirm the weak interactions between
binuclear copper(I) pyridine diimine centers when comparing
the local force constants to the Mayer bond order and Wiberg
and Fuzzy Cu−Cu bond orders. They also recently applied LMA
in a study on the rare cleavage of an aromatic C−C bond in
ferrocene by insertion of an iridium nitrido nitrogen atom.
Wilcox and collaborators successfully used LMA force constants
to study weak interactions of 2-coordinate iodine(I) silver(I)
with nucleophilic iodonium in solution.204 Klüfers et al. recently
reported the first Ru-complex, the dinitrosylruthenium [Ru-
(NO)2(PPh3)2, which can serve as a unique synchronous
photoswitching device via a transformation of the double-linear
to a double-bent Ru(NO)2 core under nitrosyl charge
conservation.205 They used LMA to clarify that this trans-

formation in not a [2 × 2] electron redox process, i.e., the
observed redshift of the N−O stretching frequency occurs
despite the lack of an additional electron-density transfer with
both, the Ru−N and the N−O bonds becoming weaker upon
bending.

■ SUMMARY AND CONCLUDING REMARKS
In this Feature Article, an overview of the current status of the
local mode theory is given showing how it can complement and
bridge current experimental and theoretical efforts to interpret
the constantly increasing wealth of vibrational spectroscopy data
collected. Special features of the local mode theory include

• Derivation of local modes from mass-decoupled Euler−
Lagrange equations curing the problem that normal
vibrational mode modes are generally delocalized in
polyatomic systems concealing specific information.

• A 1:1 relationship between the normal vibrational modes
and a complete, nonredundant set of local vibrational
modes via an adiabatic connection scheme (ACS). This
relationship forms the basis for the decomposition of each
normal mode into local mode contributions (CNM)
which has already led to a newway of analyzing vibrational
spectra.

• Local mode stretching force constants that are directly
related to the intrinsic strength of a bond and/or weak
interaction and, therefore provide a unique measure of
bond strength based on vibrational spectroscopy across
chemical bonds and weak chemical interactions.

• The local mode analysis can also be applied to
experimentally derived vibrational frequencies within
the framework of the harmonic approximation of the
potential energy, and in this way covering anharmonicity
effects and model chemistry dependencies at low cost.

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

Three current focus points of the local mode analysis are
reported, demonstrating how the local mode analysis extracts
important information hidden in vibrational spectroscopy data
supporting current experiments:

• Metal−ligand bonding in heme protein complexes
quantifying the inverse relationship between the FeC
and CO bond strengths in MbCO and NgbCO
complexes.

• Disentanglement of DNA vibrational modes and a
quantitative validation of methyladenine and methylthy-
mine base pairing.

• Hydrogen bonding in water clusters and ice and a new
description illustrating the induced polarization from
periphery molecules in the cluster.

• In addition, the use of the local mode analysis by other
research groups was reviewed.

Current and planned applied work in progress include the
application of LMA’s unique features to declutter vibrational
spectra, such as assisting isotope-edited IR spectroscopy
pinpointing specific bonds of interest in the IR spectrum of
DNA, which is hampered by the large number of overlapping
carbonyl signals;170 monitoring oxidation state changes in
photoactive enzymes via changes in LMA properties in support
of, e.g., protein film electrochemistry;206 combining LMA with
the group’s unified reaction valley approach (URVA)207 to
model properties of artificial metalloenzymes and their catalytic
mechanisms;208,209 applying LMA’s potential in the emerging
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field of covalent binder drugs,210 which strongly depends on
reliable, quantitative bond strength descriptors;139,211 and on
the other end of the spectrum, investigating a large number of
reported ionic crystals with the far-reaching goal to compile a
database with individual local mode force constants, serving as a
basis for comprehensive studies on how important physico-
chemical properties, e.g., electrical conductivity and optical
properties of these crystals are related to the individual bond
strengths in these materials.
The overarching goal of this Feature Article is to present a new

tool to the computational community which can be easily
applied after a quantum chemical calculation of vibrational
frequencies, leading to a wealth of additional electronic structure
information, complementing experimental and theoretical
efforts aimed exploring the structure of molecules in gas
phase, liquid and protein environments, and/or in crystals. Our
vision is that in the future, the local mode analysis will be
routinely applied within the community and that this article
serves as an incubator for future collaborations between
experiment and theory.
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