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ARTICLE

Anharmonic quantum nuclear densities from
full dimensional vibrational eigenfunctions
with application to protonated glycine
Chiara Aieta 1, Marco Micciarelli1, Gianluca Bertaina 1,2 & Michele Ceotto 1✉

The interpretation of molecular vibrational spectroscopic signals in terms of atomic motion is

essential to understand molecular mechanisms and for chemical characterization. The signals

are usually assigned after harmonic normal mode analysis, even if molecular vibrations are

known to be anharmonic. Here we obtain the quantum anharmonic vibrational eigenfunctions

of the 11-atom protonated glycine molecule and we calculate the density distribution of its

nuclei and its geometry parameters, for both the ground and the O-H stretch excited states,

using our semiclassical method based on ab initio molecular dynamics trajectories. Our

quantum mechanical results describe a molecule elongated and more flexible with respect to

what previously thought. More importantly, our method is able to assign each spectral peak

in vibrational spectroscopy by showing quantitatively how normal modes involving different

functional groups cooperate to originate that spectroscopic signal. The method will possibly

allow for a better rationalization of experimental spectroscopy.
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Infrared and Raman vibrational spectroscopies are funda-
mental tools for chemists. In particular, the mid-infrared
region is traditionally interpreted by assigning the character-

istic vibration of functional groups to each band. These assign-
ments have been inferred from experiments1, and handbooks
have been compiled with characteristic group frequencies2,3. This
approach is indisputably useful for chemical analysis and very
appealing to chemical intuition. However, spectral features cor-
relates precisely with molecular structure only after appropriate
quantum mechanical theoretical modeling. Despite the impor-
tance of vibrational spectroscopy, theoretical chemistry approa-
ches may perform accurate simulations of quantum vibrational
spectra only for few-atom systems4–8.

The standard approach is normal-mode analysis. Normal modes
are linearly independent atomic displacements that describe
molecular vibrations in terms of harmonic forces. In other words, it
is assumed that the interaction of the infrared (IR) radiation with a
molecule results in a vibrational excitation confined to the small-
amplitude regime. More specifically, the Hessian matrix, whose
elements are the mass-weighted force constants, is diagonalized at
the molecule equilibrium geometry. The link of spectral peaks to
molecular motions is therefore provided by the correspondence
between Hessian matrix eigenvalues, which are directly related to
normal-mode frequencies, and the eigenvectors, which are sets of
nuclear displacements. The normal-mode approximation justifies
in part the traditional group frequency hypothesis. Indeed, it is true
that for small and symmetric molecules the normal-mode analysis
mostly results in motions of local groups. However, for larger non-
symmetric molecular systems, the eigenvector displacements are
necessarily spread all over the molecular structure, and the mode
assignment in terms of functional group frequencies must be
tentative1,9,10. Instead, chemical intuition is tempted to assert that a
given vibrational normal mode is only weakly coupled to other
modes in faraway parts of the molecule11–13, so that distance-based
truncation of couplings is a common view in chemistry. Conse-
quently, many methods have been proposed to localize normal
modes12,14–18, to help with the interpretation of spectra in terms of
chemically intuitive motions also for large systems.

A further problem is how to account for anharmonicity, which
is particularly relevant when molecules undergo large-amplitude
motions such as internal rotations. Classical molecular dynamics
(MD) offers a way to go beyond the harmonic approximation.
Specifically, trajectories that run on the actual nuclear potential
energy surface (PES) at different energies may span regions
far from the potential minimum surroundings. The Fourier
transform of the velocity autocorrelation function from MD
simulations yields at low temperature the same frequencies as the
normal-mode analysis, but in addition, anharmonic frequency
shifts can be estimated from high-temperature simulations19,20.
Systematic methods have been reported to decompose the whole
classical nuclear dynamics into an approximate sum of effective
mode contributions, which correspond to the peaks in the spec-
trum 11,21–26.

Nevertheless, features such as zero-point energies (ZPEs),
overtones, and tunneling splittings, require a quantum mechanical
treatment of vibrational spectroscopy. In the quantum framework,
spectral peaks correspond to transitions between vibrational states.
Exact quantum methods for spectroscopy involve a solution of the
nuclear Schrödinger equation to get the vibrational levels. How-
ever, peak assignment in quantum mechanics is more cumbersome
than in classical mechanics. In fact, the dimensionality of internal
coordinate eigenfunctions corresponding to eigenenergies for a
(linear) molecule containing N atoms is Nv= 3N− 6(5). Therefore,
differently from the classical picture which can be represented by
classical trajectories, the normal-mode displacements are not
directly interpreted as single point atom displacements in Cartesian

space. Moreover, as mentioned above4–8, the exact solution of the
quantum vibrational problem is in general limited to low-
dimensional systems. Specific methods have been devised to get
eigenenergies for higher molecular dimensions27–36, but the
eigenfunction estimates are usually accessible only for the ground
state 31,37.

The multiple coherent time averaging semiclassical initial value
representation (MC SCIVR)38–41 can successfully simulate
anharmonic vibrational spectra for large systems42–46, even in
extreme anharmonic cases47–49. MC SCIVR can be rigorously
derived from the stationary phase approximation of the exact
Feynman’s path integral, and expresses the quantum time-
evolution propagator in terms of a few classical trajectories,
whose energy is close to the vibrational eigenvalues of the system
(see Supplementary Methods). Moreover, MC SCIVR is also able
to recover a reliable approximation of the vibrational ground and
excited eigenstates by expanding the eigenfunction of each
vibrational eigenvalue as a combination of harmonic eigenfunc-
tions50–52. The combination coefficients are calculated by Fourier
transforming the semiclassical approximate quantum mechanical
time correlation function of each harmonic eigenfunction at the
vibrational eigenvalue obtained from a preliminary MC SCIVR
power spectrum calculation (see Supplementary Methods).

In this work, we introduce the calculation of one-nucleus
marginal densities by Monte Carlo integration of the anhar-
monic eigenfunctions obtained with MC SCIVR simulations.
Specifically, we employ the eigenfunction modulus square to
weight a Monte Carlo Cartesian space sampling at each mole-
cular conformation, and we obtain the final molecular nuclear
density as a direct sum of each nucleus contribution53, (see
Supplementary Methods). This quantity is the nuclear analogue
of electron density in Density Functional Theory for electronic
structure calculations. The Cartesian coordinate space repre-
sentation allows for the visualization of probability density
isosurfaces in 3D, as for the nuclear ground state distributions
obtained from Diffusion Monte Carlo calculations31,37,54–58,
and in a similar fashion as routinely done for electron
density59,60. We are therefore able to represent with nuclear
density differences the nuclear motion associated with each peak
in vibrational spectra in three-dimensional (3D) space, and to
visually spot couplings resulting in specific non-local nuclear
density patterns in a quantum mechanical framework. In
addition, we compute the anharmonic quantum density dis-
tributions of other observables, such as bond lengths, angles,
and dihedrals using the same procedure.

Results
Protonated glycine vibrational eigenfunctions. In this work,
we calculate the 27-dimensional vibrational eigenfunctions and
the one-nucleus marginal density for the protonated glycine
(GlyH+) molecule. Neutral glycine is the simplest amino-acid,
and it has been extensively studied with both theoretical and
experimental methods43,61–63. We choose to study its proto-
nated form, because it is a typical product during infrared
multiple photon dissociation (IRMPD) spectroscopy, one of the
most effective experimental approaches for structural investi-
gation of biomolecules64,65. Actually, in the gas phase, proto-
nation is the dominant ionization pathway when analyzing
peptides by mass spectrometry64. Among all possible vibrational
eigenfunctions, we focus on the ground state and on the O–H
stretch excited vibrational state with intake of one quantum of
excitation. We focus on this excitation because the O–H
stretching peak is usually very intense and it is employed as the
reference to scale the calculated harmonic vibrational spectra to
match the experimental ones66.
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Moreover, from the computational point of view, GlyH+ is an
ideal application to demonstrate the capabilities of MC SCIVR,
since neither pre-computed PES nor exact quantum vibrational
calculations have been reported with current state-of-the-art
methods for this 11-atom molecule. We evolve the needed
classical trajectories on-the-fly, and in this case we compute the
electronic potential along the dynamics at the DFT-B3LYP/aug-
cc-pVDZ level of theory (see the “Methods” section below).

In the harmonic case, the 27-dimensional vibrational Hamilto-
nian becomes separable in the normal-mode coordinates. Therefore,
the harmonic wavefunctions are the direct product of 27 one-
dimensional eigenfunctions, each one depending on a single normal-
mode coordinate. The degree of excitation of each one-dimensional
wavefunction defines the state. For instance, for the harmonic
ground state, all the eigenfunctions in the product are the ground
state solution of each separate one-dimensional Schrödinger
equation with harmonic potential. Instead, the harmonic O–H
stretch excited state is the same direct product as the ground state for
the first 26 DOFs, but with the eigenfunction depending on the 27th
normal-mode coordinate in the first excited state solution. For the
anharmonic case, we represent the wavefunction with a combination
of harmonic wavefunctions, as defined in Supplementary Eq. 14. The
combination coefficients are obtained with the semiclassical
procedure described in the Supplementary Methods51. The character
of the anharmonic wavefunction is determined by considering the
relative contribution of the different harmonic basis functions. In
particular, the ground state wavefunction has the largest coefficient
on the harmonic ground state (see Supplementary Table 1), while
the O–H stretch excited state has the largest coefficient on the
harmonic basis function with one quantum of excitation on the 27th
component which depends on the 27th normal mode and whose
displacement correspond to the stretching of the hydroxyl group (see
Supplementary Table 2). However, in the latter case, we find other
important contributions coming from other harmonic states that are
mixing with the fundamental O–H stretch one. For example, mode
26 which is the asymmetric N–H stretching at fundamental
frequency equal to 3504 cm−1, mode 25, which is the symmetric
N–H stretching at frequency 3445 cm−1, and modes 23 and 22
which are the C–H symmetric and asymmetric stretching with
harmonic frequencies equal to 3116 and 3105 cm−1 respectively
form combination states with low-frequency modes that have large
coefficients in the anharmonic wavefunction expansion. Also, there
is a contribution from the overtone of the O–H stretching with two
quanta of excitation.

Protonated glycine vibrational eigenvalues. We start from the
normal-mode analysis of GlyH+ at the potential global mini-
mum. Gas phase calculations have already been reported for this
structure, in which the protonated amino group presumably
forms an ionic intramolecular hydrogen bond with the carbonyl
oxygen67,68. Our DFT optimized structure displays Cs symmetry.

In a normal mode approach, we diagonalize the Hessian matrix
at this geometry, and with the frequencies and harmonic zero
point energy we build the stick power spectrum represented in
green dashed lines in Fig. 1a. The O–H stretch is the highest
frequency mode (3694 cm−1) and it belongs to the A0 irreducible
representation. More importantly for our discussion, the eigen-
vector displacements associated with this frequency result almost
exclusively in the variation of the O–H distance, thus indicating a
very localized O–H stretch motion, as pictorially highlighted in the
ball-and-stick molecule reported on the inset in Fig. 1a. We detail
the calculated Cartesian displacements along this normal mode
coordinate in Supplementary Table 3 and Supplementary Fig. 7.
To go beyond the harmonic approximation, we calculate the

semiclassical power spectrum with the red continuous line in the
same panel, where we have singled out the ZPE and the
fundamental O–H stretch peaks. The value of the ZPE energy
from the global molecular minimum is well above 20,000
wavenumbers, which is a huge amount of energy in comparison
with the harmonic vibrational level spacing. This quantum
quantity cannot be grasped by any classical simulation and
determines the physical behavior of the system as we will show in
the next section. Here, we look at the influence of the harmonic
approximation on the estimate of this key quantity. Figure 1b
pictorially represents the semiclassical and harmonic vibrational
energy level estimates. The red and the green arrows correspond
respectively to the semiclassical and harmonic O–H stretch
transition frequency. These frequencies can be directly compared
with the peak positions of the experimental IR spectrum (black
continuous line in Fig. 1a)69. The accuracy of our on-the-fly
semiclassical approach outperforms the normal mode approach.
The harmonic estimates of the ZPE and the O–H stretch do not
provide an accurate value for the IR fundamental transition
associated to the O–H stretch excitation. Actually, the harmonic
transition frequency is significantly worse than the semiclassical
prediction when compared to the experimental value, as shown in
the inset Table of Fig. 1b. This confirms that the semiclassical
treatment is remarkably able to describe precisely the actual
spectral decomposition of the nuclear vibrational Hamiltonian,
beyond the harmonic approximation.

Protonated glycine nuclear densities. In the previous paragraph
we showed the GlyH+ molecular system has a significant amount
of ZPE, which is overlooked by classical approaches. Therefore,
one may wonder to what extent the molecular average geometry
at the ZPE level differs from the classical geometry at the bottom
of the well (i.e., the position expectation value in the harmonic
approximation). To answer this question, we calculate the full
quantum distribution of the geometry parameters, using the
nuclear densities both in the harmonic and anharmonic case, as
described in details in the Supplementary Methods. Even if the
ground state vibrational eigenfunction is mainly peaked around
the classical minimum, we observe a slight elongation of almost
all the bond distances and angle distortions in the anharmonic
case with respect to the harmonic ones. Moreover, if we compare
the anharmonic quantum nuclear densities with the corre-
sponding harmonic ones, we can appreciate how the synergy of
these small effects results in specific deviations of the global
vibrational behavior. The actual nuclear harmonic ground state
density is displayed in Supplementary Figs. 6a1–4, while Sup-
plementary Figs. 6c1–4 shows the actual anharmonic ground state
density. To clearly visualize the differences between these two
nuclear densities, we report in Fig. 2b the difference between the
anharmonic and the harmonic nuclear densities for the ground
state, along with the atomic labeling to guide the discussion of the
results in Fig. 2a.

The most relevant differences are found in the densities of light
hydrogen atoms. Specifically, the three red lobes on the H1, H2,
and H3 nuclei indicate an enrichment of anharmonic density in
the inner part of the protonated amino group umbrella, which
offsets the density depletion represented by the blue lobes on the
outer part. This picture reveals that the effect of anharmonicity is
to drive the ammonium protons closer together with respect to
the harmonic picture (as highlighted in magenta in Fig. 2n, and as
also confirmed by the angle distributions in Fig. 2h). The nuclear
density shift on Hydrogen nuclei H4 and H5 determines an
elongation of the C2-H4/5 bonds, as confirmed by the bond
length distribution in Fig. 2f). Also, anharmonic effects lead to a
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displacement of the average position of the heavier O1, C1, C2,
and N nuclei, thus rendering the backbone of the molecule
slightly longer (as highlighted in green in Fig. 2n). This is
confirmed by the bond-length distribution calculation, where the
equilibrium distances C1–O1, C1–C2, and C2–N are longer for
the anharmonic ground state wavefunction (see Fig. 2c, d, g).
Also, the N–C2–C1–O1 anharmonic dihedral angle distribution
of Fig. 2e is broader than the harmonic one. From bond-length
distributions we also observe that both the N–H3 and the O2–H3
average distances are longer with anharmonicity inclusion
(see Fig. 2i, l), hinting at a weaker O2–H3 hydrogen bond.
However, the whole nuclear density picture of Fig. 2b shows that
multiple local density deformations cooperate to the change
of the H3 atom average position. Anharmonicity closes the
protonated amine umbrella while opening the O2–C1–C2 angle.
The combination of these two effects pushes the H3 atom farther
away from the center of the molecule.

We next turn to the excited vibrational state obtained when the
O–H stretch normal mode has acquired one quantum of
vibrational energy. Figure 3 shows for this eigenstate the density
difference between the anharmonic and the harmonic nuclear
densities. The actual excited harmonic O–H stretch nuclear
density is displayed in Supplementary Figs. 6b1–4, while
Supplementary Figs. 6d1–4 shows the actual excited anharmonic

O–H stretch state nuclear density. Also in this case, anharmonic
effects are distributed all over the molecule. In addition, we
observe a general elongation of bond lengths by comparing the
bond-length distributions obtained from the harmonic and the
anharmonic excited state wavefunctions, especially for the CH2 �
NH þ

3 part of the molecule (see Fig. 3b, e, f). Once more, looking
at the complete nuclear density picture in Fig. 3a, one can deduce
that these elongations balance the density distortion due to
anharmonicity along the O–H stretching direction. Remarkably,
an interesting lobe pattern appears along the O1–H6 stretching
direction, as can be rationalized with the inspection of bond-
length distributions in Fig. 3b. Here, the bond length analysis
confirms the global picture of anharmonicity obtained by visual
inspection of density differences in Fig. 3a. The unidimensional
plot reported in Fig. 3b compares the harmonic distribution
(black continuous line) with the semiclassical anharmonic one,
which presents the average shifted towards longer bond distances
and hence it is represented with the green continuous line. In the
harmonic picture, a node can be observed along the O–H stretch
direction. This means that the vibrational excitation can be
effectively approximated as the excitation of a harmonic one-
dimensional oscillator whose potential varies along this direction.
This agrees with the standard harmonic normal-mode picture
which shows the major displacement along the O–H stretch
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Fig. 1 Vibrational power spectrum of the protonated glycine molecule. a GlyH+ vibrational spectrum. Red continuous line is the semiclassical power
spectrum, and green dashed lines correspond to the stick spectrum in the harmonic normal mode approximation. The peak intensity of the power spectra
has been scaled to match the semiclassical ZPE peak one. Black continuous line is the experimental IR absorption spectrum69. In the same panel, ball-and-
stick molecular representation of GlyH+ at the equilibrium Cs geometry where the atoms involved in the O–H stretch normal mode displacements are
highlighted. b Pictorial representation of the potential well along the O–H stretch elongation. Red and green lines are respectively the semiclassical and the
harmonic ZPE and O–H stretch excitation vibrational levels. Red and green arrows are respectively the semiclassical and the harmonic normal mode O–H
stretch fundamental excitation frequencies. These values are reported in the inset table together with their deviations from the experimental value (Δν).
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direction in Cartesian coordinates, as reported in Supplementary
Table 3. Instead, after inclusion of anharmonicity, we can barely
detect a reminiscence of the node, and the density concentrates
closer to the equilibrium position, as can be also seen in Fig. 3c,
where the difference between the anharmonic and harmonic
distributions is reported. In the anharmonic picture, the O–H
stretch excitation can therefore not be regarded as the excitation
of a single bond oscillation, and it is not sufficient, for instance, to
consider a separable Morse potential along the O–H bond to
model this vibration. We stress that the anharmonic distribution
of Fig. 3b, which was obtained with the semiclassical approxima-
tion of the wavefunction, has a quantum nature even if the
calculation is based on classical information. This is evident when
we build a histogram by binning instantaneous bond lengths
along the quasi-classical trajectory employed for the semiclassical
calculation (i.e., the constant energy classical trajectory with
excited O–H stretch kinetic energy in harmonic approximation,
as described in the Supplementary Methods). The quasi-classical
distribution is peaked at the turning points. On the contrary, the

semiclassical distribution clearly shows quantum features, since it
extends beyond the classical turning points located at the
extremes of the histogram, and it displays higher probability in
the middle.

Normal mode vs. quantum anharmonic O–H stretch excita-
tion. Finally, in Fig. 4 we propose a 3D real-space representation
of the anharmonic motion which the molecule undergoes when it
is excited by IR radiation, using the observation of nuclear density
depletion and accumulation, as an improvement over the classical
harmonic normal-mode displacements. Specifically, we calculate
the difference between the anharmonic nuclear density of the
O–H stretch excited vibrational state and the ground-state one
(Fig. 4b, d). We also compare it to the corresponding quantum
harmonic estimate, reported in Fig. 4a, c.

Considering that the excitation linked to the vibrational spectra
signal at 3553 cm−1 in the experimental IR spectra is interpreted
as the O–H stretch, we first concentrate on the nuclear density
deformation by changing the vibrational state from the ground to
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Fig. 2 Comparison of harmonic and anharmonic nuclear densities for the vibrational ground state. a The Cs symmetry equilibrium geometry of GlyH+ at
DFT-B3LYP/aug-cc-pVDZ level of theory with the atomic labeling that we adopt as reference throughout the paper. b Two isosurfaces of the difference
between the anharmonic and the corresponding harmonic nuclear densities for the vibrational ground state. Red indicates positive contributions, where the
density concentrates due to anharmonicity, while blue stands for the negative contributions, where the density is depleted. The density isosurfaces are
respectively set to 0.15a.u. and −0.15a.u. In addition, we report the comparison of the maxima of relevant geometry parameter distributions. c, d, f, g, i, l Bond
lengths distributions. h, m bond angles distributions. e Dihedral distribution. The black curves are obtained from the harmonic approximation while the colored
ones are calculated from the full anharmonic wavefunction. Green curves present the maximum shifted towards longer bond lengths or wider angles
(Anharmonic increase), on the contrary red indicates contraction (Anharmonic decrease). Blue stands for broadening of the anharmonic distribution with
respect to the harmonic one, without maximum shift (Anharmonic broadening). n Pictorial representation of the overall effect of anharmonicity and couplings
on the quantum nuclear density which leads to specific nuclear density redistribution (indicated by the green arrows) giving two distinctive structural effects,
the backbone elongation (highlighted in green) and the closing of NHþ

3 umbrella (highlighted in magenta). These are deduced from the consideration of
geometrical parameters distributions reported in c–i, m and in the Supplementary Figs. 1, 2, 3.
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the excited one. We start with an analysis focused on the hydroxyl
group of the molecule (Fig. 4a, b). The harmonic case reported in
Fig. 4a provides lobes with perpendicular nodal planes with
respect to the O1–H6 bond. There is a minor density deformation
contribution on the O6 nucleus, while the bigger one is on the
lighter H6. Turning to the anharmonic picture shown in Fig. 4b,
we find a similar pattern but with the lobes that have no longer
parallel nodal planes. The lobes are in this case distributed along a
curved line. This is an effect of anharmonicity and vibrational
couplings which leads to a less symmetric oscillation of the
O–H bond.

By zooming out to the whole molecule structure in Fig. 4d, we
can appreciate how anharmonicity calls into play all the other
nuclei. The difference between the harmonic picture of Fig. 4c is
striking. The harmonic picture in panel c is compliant with the
chemical intuition and with the classical normal-mode displace-
ment picture. The excitation of the O–H stretch normal mode
results in a very localized density deformation, which causes a
depletion and a consequent increment of density exclusively for
the hydroxyl functional group, while in the other parts of the
molecule the ground state and the excited state densities cancels
perfectly upon subtraction. Instead, the quantum mechanical
anharmonic picture provided by the semiclassical vibrational

densities clearly indicates that all the nuclei are involved in the
excitation, even if the anharmonic density difference exhibits
(with distortions) the typical lobe pattern of the O1–H6 stretch
excitation. To give a quantitative assessment of the involvement
of each nucleus in the excitation in the harmonic and anharmonic
case we can also refer to the density standard deviation position
differences (see Supplementary Discussion) shown in Supple-
mentary Tables 4, 5. These data confirm what is clearly visible
from the nuclear density differences in Fig. 4c, d, i.e., that many
more atoms are involved in the O–H stretch excitation when the
anharmonic density is employed. More importantly, the anhar-
monic nuclear density picture highlights the relevant coupling of
the hydroxyl group with the far protonated amino group, which is
significantly involved in the O–H stretch vibrational excitation.
This is proved by the values of the harmonic basis set functions
reported in Supplementary Table 1, where the contribution of
each normal mode to the spectroscopic signal at 3553 cm−1 is
quantified. The vibrational coupling is therefore non-local in this
case, i.e., it is not confined to the nearest neighbor atoms as
shown in Fig. 4e for the harmonic approximation. In particular,
the anharmonic vibration of the hydroxyl functional group
triggers the vibration of the CH2NH

þ
3 groups, as pictorially

summarized by Fig. 4f.
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from the harmonic approximation of the wavefunction, while the colored ones are calculated from the full anharmonic wavefunction. Green curves present
the maximum shifted towards longer bond lengths (Anharmonic increase), while the blue one stands for broadening of the anharmonic distribution with
respect to the harmonic one and without maximum shift (Anharmonic broadening). Specifically, b Bond-length distributions along the radial O1–H6 stretch
distance. The filled area is the histogram of the classical distribution obtained from the quasi-classical trajectory used to generate the semiclassical
wavefunction. The harmonic normal mode distribution is small but not equal to zero at equilibrium distance because the variation of O–H stretch normal
mode does involve, even if minimally, also other atom displacements. c Difference between anharmonic and harmonic curves of b. The statistical error bars
for the distributions are smaller than the line width. d C2–C1–N angle distribution. f, e enlargement of the distribution peaks for the C2–H4/5 and C2–N
bond distances. g Summary of the overall effect of anharmonicity and couplings on the quantum nuclear density which leads to specific nuclear density
redistribution (indicated by the green arrows) giving effects which counterbalance each other in two separate regions of the molecule, the hydroxyl
(highlighted in magenta) and the CH2NH

þ
3 (highlighted in green). These are deduced from the consideration of geometrical parameters distributions

reported in b, f, e, d, and in the Supplementary Figs. 4, 5.
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Discussion
In conclusion, the present method allows for the calculation of
high dimensional quantum eigenfunctions of vibrational ground
and excited states for molecules of moderate size, and provides an
immediately informative real space nuclear density representation
of molecular vibrations, overcoming the major limitations of the
normal-mode approach and going beyond the quantum harmo-
nic picture53.

The analysis of the quantum nuclear densities for a biologically
important and experimentally significant molecule, GlyH+,
shows that anharmonic contributions, that can be assessed thanks
to our semiclassical methodology, have a significant impact on
the interpretation of relevant vibrational excitations. Overall, our
anharmonic quantum simulation provides a flexible molecule
picture with a greater adaptability to the various binding situa-
tions than the harmonic approximation. As an example, we cal-
culate the eigenfunction corresponding to the free O–H stretch
energy peak and find that other modes, in addition to the O–H
stretch one, contribute to this spectroscopic signal. More speci-
fically, the amino group plays a significant synergistic role in the
O–H stretch excitation. Even if the mixing of normal modes is
the well known consequence of the introduction of couplings, the
determination of the amount of mixing as resulting from our
calculations is not trivial, also given the position of the two

functional groups in the molecule, and the normal mode picture
that we are accustomed to. Instead, our semiclassical method
provides a quantum mechanical anharmonic picture of molecular
vibrations which reveals quantitatively that more than one mode
can be responsible for a given fundamental excitation and how
much the modes are mixing. When we consider the complete
potential, which includes all the anharmonicities without any
other approximation apart from the level of electronic structure
theory adopted, our calculations quantitatively characterize the
involvement of other functional groups, also in the case of
spectral features which are usually assigned to very localized
normal modes, such as the O–H stretch one of the GlyH+.

Eventually, this method allows a more accurate, physically
sound assignment of fundamental and overtone vibrational
absorption bands. This approach should stimulate a better
rationalization of the experimental results, providing a reliable
tool to gauge the extent and importance of couplings for a
comprehensive understanding of anharmonic vibrational beha-
vior in molecules.

Methods
Computational details. The semiclassical calculation of GlyH+ eigenfunctions is
performed using on-the-fly classical trajectories at the DFT-B3LYP level of theory
using the aug-cc-pVDZ basis set with the NWChem package70. We employ one
trajectory for the ground state and another one for the O–H stretch excited state.
For each one, the Hessian matrix is calculated at each time-step. For our DFT
simulations the timing is: 16 h for the trajectory evolution and 552 h for the
Hessians employing the NWChem code on 20 CPUs with clock frequency of
2.6 GHz. We also point out that the calculation of the Hessian along the trajectory
is embarrassingly parallel, and the scaling with the number of cores employed is
linear. Each GlyH+ eigenfunction has been symmetrized so that it belongs to one of
the Cs irreducible representations and is given by a combination of 12,799 har-
monic functions, which are obtained from considering all possible single and
simultaneous excitations of two modes with maximum quantum number nα= 6.
However, only the coefficients greater than 10−3 are important for the eigen-
function shape. The excited eigenfunction is orthonormalized via Gram-Schmidt
with respect to the ground state one. The 3D histogram for the one-nucleus density
is composed of cubes whose edge is 0.049Å. We represent these histograms in the
standard cube file format, which can be read by any visualization software which
supports it. In particular, we used the VMD software to produce all the nuclear
density pictures in the present work71. Instead, the density space resolution of the
bond-length distributions in Fig. 3b is equal to 0.008Å, the one for angle and
dihedral distributions is 0.45 degrees. The evaluation of wavefunction coefficients
and the calculation of the densities takes few minutes on a personal computer and
it does not necessarily require many cores or large memory.

Data availability
Any data generated and analyzed for this study that are not included in this Article and
its Supplementary Information are available from the authors upon request.

Code availability
The computer code and the data files used to produce all the figures presented in this
study are available as Supplementary Code (zip file). The code is released under the GNU
General Public Licence v3.

Received: 23 January 2020; Accepted: 29 July 2020;

References
1. Fuhrer, H., Kartha, V., Krueger, P., Mantsch, H. & Jones, R. Normal modes

and group frequencies. Conflict or compromise? In-depth vibrational analysis
of cyclohexanone. Chem. Rev. 72, 439–456 (1972).

2. Lin-Vien, D., Colthup, N. B., Fateley, W. G. & Grasselli, J. G. The Handbook of
Infrared and Raman Characteristic Frequencies of Organic Molecules (Elsevier,
Hoboken, 1991).

3. Burns, D. A. & Ciurczak, E. W. Handbook of Near-Infrared Analysis (CRC
Press, Boca Raton, 2007).

4. Zhang, D. H., Wu, Q., Zhang, J. Z., Von Dirke, M. & Bačić, Z. Exact full-
dimensional bound state calculations for (HF)2,(DF)2, and HFDF. J. Chem.
Phys. 102, 2315–2325 (1995).

Harmonic

a

c d

e f

b

Anharmonic

Fig. 4 Nuclear density difference plots for the excited O-H stretch
vibrational eigenstate of the GlyH+. a Difference between the harmonic
density of the excited eigenstate and the corresponding ground-state one on
the hydroxyl group. b The same but for the anharmonic case. c, d The same
differences but for the entire molecular structure. Red indicates positive
contributions, while blue stands for the negative contributions. All isodensities
are set to 0.15a.u. and −0.15a.u. e, f Pictorial representation of different
interpretations of the vibrational excitation as derived by the harmonic picture
(e) and the anharmonic one (f). The green arrows indicate the most
significant shifts of the nuclear densities, while the magenta and green halos
highlight the molecular regions most affected by the geometrical distortions
caused by excitation respectively in the harmonic and anharmonic case.
These are deduced from the consideration of geometrical parameters
distributions reported in the Supplementary Figs. 1–5.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18211-3 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:4348 | https://doi.org/10.1038/s41467-020-18211-3 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


5. Xu, D., Chen, R. & Guo, H. Probing highly excited vibrational eigenfunctions
using a modified single Lanczos propagation method: application to acetylene
(HCCH). J. Chem. Phys. 118, 7273–7282 (2003).

6. Vendrell, O., Gatti, F. & Meyer, H.-D. Full dimensional (15-dimensional)
quantum-dynamical simulation of the protonated water dimer. II. Infrared
spectrum and vibrational dynamics. J. Chem. Phys. 127, 184303 (2007).

7. Gu, B. & Garashchuk, S. Determination of the collective modes from the
quantum-mechanical time-correlation functions. Theor. Chem. Acc. 134, 129
(2015).

8. Yu, H.-G., Ndengue, S., Li, J., Dawes, R. & Guo, H. Vibrational energy levels of
the simplest criegee intermediate (CH2OO) from full-dimensional Lanczos,
MCTDH, and MULTIMODE calculations. J. Chem. Phys. 143, 084311 (2015).

9. Sutherland, G. Some problems in the interpretation of the infra-red spectra of
large molecules. Discuss. Faraday Soc. 9, 274–281 (1950).

10. Ramulu, K. S. & Rao, G. R. Transferability of valence force constants: The case
of normal fatty acid amides. J. Raman Spectrosc. 21, 751–753 (1990).

11. Cheng, X. & Steele, R. P. Efficient anharmonic vibrational spectroscopy for large
molecules using local-mode coordinates. J. Chem. Phys. 141, 104105 (2014).

12. Jacob, C. R. & Reiher, M. Localizing normal modes in large molecules.
J. Chem. Phys. 130, 084106 (2009).

13. Pele, L. & Gerber, R. B. On the number of significant mode-mode anharmonic
couplings in vibrational calculations: Correlation-corrected vibrational self-
consistent field treatment of di-, tri-, and tetrapeptides. J. Chem. Phys. 128,
04B624 (2008).

14. Jamróz, M. H. Vibrational energy distribution analysis (VEDA): scopes and
limitations. Spectrochim. Acta Part A 114, 220–230 (2013).

15. Huix-Rotllant, M. & Ferré, N. An effective procedure for analyzing molecular
vibrations in terms of local fragment modes. J. Chem. Theory Comput. 12,
4768–4777 (2016).

16. Massarczyk, M. et al. Local mode analysis: decoding IR spectra by visualizing
molecular details. J. Phys. Chem. B 121, 3483–3492 (2017).

17. Tao, Y. et al. Recovering intrinsic fragmental vibrations using the generalized
subsystem vibrational analysis. J. Chem. Theory Comput. 14, 2558–2569 (2018).

18. Teixeira, F. & Cordeiro, M. N. D. Improving vibrational mode interpretation
using bayesian regression. J. Chem. Theory Comput. 15, 456–470 (2018).

19. Strachan, A. Normal modes and frequencies from covariances in molecular
dynamics or Monte Carlo simulations. J. Chem. Phys. 120, 1–4 (2004).

20. Kumar, P. & Marx, D. Quantum corrections to classical time-correlation
functions: Hydrogen bonding and anharmonic floppy modes. J. Chem. Phys.
121, 9 (2004).

21. Bowman, J. M., Zhang, X. & Brown, A. Normal-mode analysis without the
Hessian: A driven molecular-dynamics approach. J. Chem. Phys. 119, 646–650
(2003).

22. Martinez, M., Gaigeot, M.-P., Borgis, D. & Vuilleumier, R. Extracting effective
normal modes from equilibrium dynamics at finite temperature. J. Chem.
Phys. 125, 144106 (2006).

23. Xue, R.-J. et al. Perturbation approach for computing infrared spectra of the
local mode of probe molecules. J. Chem. Theory Comput. 13, 191–201 (2016).

24. Panek, P. T. & Jacob, C. R. Anharmonic theoretical vibrational spectroscopy of
polypeptides. J. Phys. Chem. Lett. 7, 3084–3090 (2016).

25. Imoto, S. & Marx, D. Pressure response of the THz spectrum of bulk liquid
water revealed by intermolecular instantaneous normal mode analysis. J.
Chem. Phys. 150, 084502 (2019).

26. Mathias, G., Ivanov, S. D., Witt, A., Baer, M. D. & Marx, D. Infrared
spectroscopy of fluxional molecules from (ab initio) molecular dynamics:
Resolving large-amplitude motion, multiple conformations, and
permutational symmetries. J. Chem. Theory Comput. 8, 224–234 (2011).

27. Bowman, J. M. The self-consistent-field approach to polyatomic vibrations.
Acc. Chem. Res. 19, 202–208 (1986).

28. Gerber, R. & Ratner, M. A. Self-consistent-field methods for vibrational
excitations in polyatomic systems. Adv. Chem. Phys. 70, 97–132 (1988).

29. Kosztin, I., Faber, B. & Schulten, K. Introduction to the diffusion Monte Carlo
method. Am. J. Phys. 64, 633–644 (1996).

30. Christiansen, O. Selected new developments in vibrational structure theory:
potential construction and vibrational wave function calculations. Phys. Chem.
Chem. Phys. 14, 6672–6687 (2012).

31. Mancini, J. S. & Bowman, J. M. Effects of zero-point delocalization on the
vibrational frequencies of mixed HCl and water clusters. J. Phys. Chem. Lett. 5,
2247–2253 (2014).

32. McCoy, A. B. Diffusion Monte Carlo approaches for investigating the
structure and vibrational spectra of fluxional systems. Int. Rev. Phys. Chem.
25, 77–107 (2006).

33. Bowman, J. M., Carrington, T. & Meyer, H.-D. Variational quantum
approaches for computing vibrational energies of polyatomic molecules. Mol.
Phys. 106, 2145–2182 (2008).

34. Mátyus, E., Šimunek, J. & Császár, A. G. On the variational computation of a
large number of vibrational energy levels and wave functions for medium-
sized molecules. J. Chem. Phys. 131, 074106 (2009).

35. Ruud, K., Åstrand, P.-O. & Taylor, P. R. An efficient approach for calculating
vibrational wave functions and zero-point vibrational corrections to molecular
properties of polyatomic molecules. J. Chem. Phys. 112, 2668–2683 (2000).

36. Åstrand, P.-O., Ruud, K. & Taylor, P. R. Calculation of the vibrational wave
function of polyatomic molecules. J. Chem. Phys. 112, 2655–2667 (2000).

37. Kelleher, P. J., Johnson, C. J., Fournier, J. A., Johnson, M. A. & McCoy, A. B.
Persistence of dual free internal rotation in NH4

+(H2O). Hen=0−3 ion-
molecule complexes: Expanding the case for quantum delocalization in He
tagging. J. Phys. Chem. A 119, 4170–4176 (2015).

38. Kaledin, A. L. & Miller, W. H. Time averaging the semiclassical initial value
representation for the calculation of vibrational energy levels. J. Chem. Phys.
118, 7174–7182 (2003).

39. Kaledin, A. L. & Miller, W. H. Time averaging the semiclassical initial value
representation for the calculation of vibrational energy levels. II. Application
to H2CO, NH3, CH4, CH2D2. J. Chem. Phys. 119, 3078–3084 (2003).

40. Ceotto, M., Atahan, S., Tantardini, G. F. & Aspuru-Guzik, A. Multiple
coherent states for first-principles semiclassical initial value representation
molecular dynamics. J. Chem. Phys. 130, 234113 (2009).

41. Conte, R., Aspuru-Guzik, A. & Ceotto, M. Reproducing deep tunneling
splittings, resonances, and quantum frequencies in vibrational spectra from a
handful of direct ab initio semiclassical trajectories. J. Phys. Chem. Lett. 4,
3407–3412 (2013).

42. Ceotto, M., Di Liberto, G. & Conte, R. Semiclassical "divide-and-conquer”
method for spectroscopic calculations of high dimensional molecular systems.
Phys. Rev. Lett. 119, 010401 (2017).

43. Gabas, F., Conte, R. & Ceotto, M. On-the-fly ab initio semiclassical calculation of
glycine vibrational spectrum. J. Chem. Theory Comput. 13, 2378–2388 (2017).

44. Di Liberto, G., Conte, R. & Ceotto, M. “Divide and conquer” semiclassical
molecular dynamics: A practical method for spectroscopic calculations of high
dimensional molecular systems. J. Chem. Phys. 148, 014307 (2018).

45. Gabas, F., Di Liberto, G., Conte, R. & Ceotto, M. Protonated glycine
supramolecular systems: the need for quantum dynamics. Chem. Sci. 9,
7894–7901 (2018).

46. Gabas, F., Di Liberto, G. & Ceotto, M. Vibrational investigation of nucleobases
by means of divide and conquer semiclassical dynamics. J. Chem. Phys. 150,
224107 (2019).

47. Di Liberto, G., Conte, R. & Ceotto, M. “Divide-and-conquer” semiclassical
molecular dynamics: An application to water clusters. J. Chem. Phys. 148, 104302
(2018).

48. Ma, X., Di Liberto, G., Conte, R., Hase, W. L. & Ceotto, M. A quantum
mechanical insight into SN2 reactions: semiclassical initial value
representation calculations of vibrational features of the Cl− ⋯ CH3Cl pre-
reaction complex with the VENUS suite of codes. J. Chem. Phys. 149, 164113
(2018).

49. Bertaina, G., Di Liberto, G. & Ceotto, M. Reduced rovibrational coupling
Cartesian dynamics for semiclassical calculations: Application to the spectrum
of the Zundel cation. J. Chem. Phys. 151, 114307 (2019).

50. Ceotto, M., Valleau, S., Tantardini, G. F. & Aspuru-Guzik, A. First principles
semiclassical calculations of vibrational eigenfunctions. J. Chem. Phys. 134,
234103 (2011).

51. Micciarelli, M., Conte, R., Suarez, J. & Ceotto, M. Anharmonic vibrational
eigenfunctions and infrared spectra from semiclassical molecular dynamics.
J. Chem. Phys. 149, 064115 (2018).

52. Micciarelli, M., Gabas, F., Conte, R. & Ceotto, M. An effective semiclassical
approach to IR spectroscopy. J. Chem. Phys. 150, 184113 (2019).

53. Schild, A. On the probability density of the nuclei in a vibrationally excited
molecule. Front. Chem. 7, 424 (2019).

54. Paolini, S., Ancilotto, F. & Toigo, F. Ground-state path integral Monte Carlo
simulations of positive ions in 4He clusters: bubbles or snowballs? J. Chem.
Phys. 126, 124317 (2007).

55. Mancini, J. S. & Bowman, J. M. Communication: a new ab initio potential
energy surface for HCl − H2O, diffusion Monte Carlo calculations of D0 and a
delocalized zero point wavefunction. J. Chem. Phys. 138, 121102 (2013).

56. Barragan, P., Perez de Tudela, R., Qu, C., Prosmiti, R. & Bowman, J. M. Full-
dimensional quantum calculations of the dissociation energy, zero-point, and
10K properties of H7

+/D7
+clusters using an ab initio potential energy surface.

J. Chem. Phys. 139, 024308 (2013).
57. Fortenberry, R. C. et al. Communication: spectroscopic consequences of

proton delocalization in OCHCO+. J. Chem. Phys. 143, 071102 (2015).
58. Chen, B., Gomez, M. A., Sehl, M., Doll, J. D. & Freeman, D. L. Theoretical

studies of the structure and dynamics of metal/hydrogen systems: Diffusion
and path integral Monte Carlo investigations of nickel and palladium clusters.
J. Chem. Phys. 105, 9686–9694 (1996).

59. Bader, R. F. W., Henneker, W. H. & Cade, P. E. Molecular charge distributions
and chemical binding. J. Chem. Phys. 46, 3341–3363 (1967).

60. Mitchell, A. S. & Spackman, M. A. Molecular surfaces from the promolecule:
A comparison with Hartree-Fock ab initio electron density surfaces. J.
Comput. Chem. 21, 933–942 (2000).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18211-3

8 NATURE COMMUNICATIONS |         (2020) 11:4348 | https://doi.org/10.1038/s41467-020-18211-3 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


61. Balabin, R. M. Conformational equilibrium in glycine: experimental jet-cooled
Raman spectrum. J. Phys. Chem. Lett. 1, 20–23 (2010).

62. Barone, V., Biczysko, M., Bloino, J. & Puzzarini, C. Characterization of the
elusive conformers of glycine from state-of-the-art structural, thermodynamic,
and spectroscopic computations: Theory complements experiment. J. Chem.
Theory Comput. 9, 1533–1547 (2013).

63. Csaszar, A. G. Conformers of gaseous glycine. J. Am. Chem. Soc. 114,
9568–9575 (1992).

64. Polfer, N. C. Infrared multiple photon dissociation spectroscopy of trapped
ions. Chem. Soc. Rev. 40, 2211–2221 (2011).

65. Heine, N. & Asmis, K. R. Cryogenic ion trap vibrational spectroscopy of
hydrogen-bonded clusters relevant to atmospheric chemistry. Int. Rev. Phys.
Chem. 34, 1–34 (2015).

66. Wu, R. & McMahon, T. B. Infrared multiple photon dissociation spectra of
proline and glycine proton-bound homodimers. Evidence for zwitterionic
structure. J. Am. Chem. Soc. 129, 4864–4865 (2007).

67. Zhang, K. & Chung-Phillips, A. Conformers of gaseous protonated glycine.
J. Comput. Chem. 19, 1862–1876 (1998).

68. Sun, J. et al. Understanding THz spectra of aqueous solutions: Glycine in light
and heavy water. J. Am. Chem. Soc. 136, 5031–5038 (2014).

69. Voss, J. M., Fischer, K. C. & Garand, E. Accessing the vibrational signatures of
amino acid ions embedded in water clusters. J. Phys. Chem. Lett. 9, 2246–2250
(2018).

70. Valiev, M. et al. NWChem: A comprehensive and scalable open-source
solution for large scale molecular simulations. Comput. Phys. Commun. 181,
1477–1489 (2010).

71. Humphrey, W., Dalke, A. & Schulten, K. VMD—visual molecular dynamics.
J. Mol. Graph. 14, 33–38 (1996).

Acknowledgements
The authors thank Prof. E. Garand for providing the experimental spectrum of proto-
nated glycine. The authors thank Dr. F. Gabas for contribution in the early stages of this
work, Prof. L. Lo Presti for discussion, and Prof. A. Gavezzotti for a critical reading of the
manuscript. The authors acknowledge financial support from the European Research
Council (ERC) under the European Union’s Horizon 2020 research and innovation
programme [Grant Agreement No. (647107)—SEMICOMPLEX—ERC-2014-CoG] and
from the Italian Ministry of Education, University, and Research (MIUR) (FARE pro-
gramme R16KN7XBRB project QURE). Part of the needed CPU time was provided by
CINECA (Italian Supercomputing Center) under ISCRAB project QUASP, ISCRAC
project MCSCMD, and ISCRAC project heavyTUN.

Author contributions
C.A. run the simulations, analyzed the data, produced the figures and substantially
contributed to the draft. M.M. conceived the idea and the computational method for
representing molecular excitations through nuclear densities, and run preliminary
simulations. G.B. contributed in the optimization of the software and the analysis of the
data. M.C. supervised the work, interpreted the results, and wrote the draft. All authors
discussed the results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-18211-3.

Correspondence and requests for materials should be addressed to M.C.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18211-3 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:4348 | https://doi.org/10.1038/s41467-020-18211-3 | www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-020-18211-3
https://doi.org/10.1038/s41467-020-18211-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Anharmonic quantum nuclear densities from full�dimensional vibrational eigenfunctions with�application to protonated glycine
	Results
	Protonated glycine vibrational eigenfunctions
	Protonated glycine vibrational eigenvalues
	Protonated glycine nuclear densities
	Normal mode vs. quantum anharmonic O–nobreakH stretch excitation

	Discussion
	Methods
	Computational details

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




