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Abstract

A full-dimensional, permutationally invariant polynomial potential energy surface

for glycine recently reported (R. Conte et al., J. Chem. Phys. 2020, 153, 244301)

is used with the code MULTIMODE to determine the IR absorption spectra for Con-

formers I and II using a new separable dipole moment function. The calculated spectra

agree well with the experimental ones. The full-dimensional nature of the potential

allows us also to examine dynamical results, such as tunneling rates. Remarkably,

using a one-dimensional path based on the potential energy surface to estimate the

tunneling rate from Conformer VI to Conformer I, good agreement is found with the

recent experimental measurement. Finally a brief comparison of our potential energy

surface with a recently reported sGDML one is made.

Introduction

Glycine is the smallest among amino acids, being characterized by a side chain made of

a single hydrogen atom. This fact has the unique consequence (for amino acids) that the

α-carbon of glycine is not chiral. Notwithstanding the simplicity of this amino acid, the

electronic ground state potential energy surface (PES) of glycine has required intense inves-

tigation, and the quest for its conformers has revealed the very elusive nature of some of

them.1

We recently reported a permutationally invariant polynomial (PIP) PES at DFT/B3LYP/aug-

cc-pVDZ level of theory.2 This PES describes the 8 low-lying conformers. Their structures

were in agreement with previous calculations both by Császár,3 whose pioneering study pre-

dicted 8 conformers but focused only on two, and by recent CCSD(T) calculations by Czakó

and co-workers.4 In addition, we performed a study of the zero-point energy of glycine

by means of diffusion Monte Carlo (DMC) and semiclassical initial value representation

(SCIVR) molecular dynamics. The two approaches led to results in excellent agreement

with one another, allowing us to conclude that the 8 conformers could be grouped into 4
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pairs of separated asymmetric double wells instead of 8 distinct conformers.

It is also worth noting that glycine has been examined recently and critically for PES

fitting using a variety of machine-learning approaches.5 (That work appeared at about the

same time as our PES2 and was evidently unaware of it.) The focus was on the flexibiliy of

the glycine, as illustrated by two conformers, I and III. A sGDML PES was reported and

judged to be the significantly better at describing the motion between these two conformers

than the so-called Behler-Parinello NN approach6 as well as the SchNet7 and Gaussian

Approximation Potentials (GAP).8 Thus, it appears the glycine is also becoming a testing

ground for high-dimensional PES fitting. We will examine this aspect briefly in this paper

where we make a first comparison of our PIP PES with the sGDML one.

Reports on glycine in the literature have been often accompanied by a theoretical spec-

troscopic study of the identified isomers. This is the case of the harmonic frequency investi-

gations by Császár3 and later by Stepanian and Adamowicz, who validated the assignment of

IR spectra for three of the conformers.9 A major step forward in the theoretical description

of glycine has been taken by introducing anharmonicity in the calculations. Gerber et al.

employed vibrational self-consistent field (VSCF) theory to investigate the global minimum

conformer, commonly denoted as conformer I (Conf I). They obtained results in agreement

to within 40 cm−1 with the experimental data.10

Conformer I as the lowest energy conformer has also attracted other studies based on

very different approaches. They include models, variational, perturbative, and dynamical

methods. For instance, the group of Fernandez-Clavero employed a variational procedure on

a model Hamiltonian to study the low frequency modes of Conformer I.11 Their conclusion

was that a 4-dimensional Hamiltonian at least was necessary. Hobza improved investigation

of the same conformer by means of second-order vibrational perturbation theory (VPT2),12

and later Barone and co-workers developed a generalized version of it (GVPT2) to study

the four energetically lowest-lying conformers.13 Finally, results at the quantum mechanical

level in excellent agreement with the GVPT2 ones were found by the Ceotto group by means
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of SCIVR.14

Apart from estimating the anharmonic frequencies of vibration, some studies have also

attempted to describe the intensities of the IR spectrum beyond the harmonic approxima-

tion. Of particular note are the reports by the Barone (VPT2, DVBP2),13,15,16 and Ceotto

(SCIVR) groups.17

Experimental data on the spectra are more difficult to come by, primarily because glycine

is a solid at room temperature and decomposes at its melting point. Nonetheless, the vi-

brational and rotational spectra of glycine have long been subjects of keen investigation.

Experimental studies of the rotational spectrum in the millimeter-wave region have been

motivated by the 2003 report that glycine spectral lines were observed from interstellar

sources,18 but these observations were not reproduced by several other investigators.19–21 It

now appears that the presence or absence of glycine in the interstellar medium is currently

unresolved and that the previous positive identification was likely in error.

The vibrational spectrum has been studied using matrix isolation spectroscopy,9,22–25

helium droplets,25 FTIR in liquids and solids,26,27 and molecular beam jet cooling.28,29 The

most comprehensive results have come from matrix isolation.9 A disadvantage of the matrix

method is that the peak positions are influenced by the rare gas used as to isolate the

glycine molecules, but advantages include the sharp peaks afforded by low temperatures and

the possibility of identifying different conformers by the use of mid-infrared excitation of

conformer overtones or ultraviolet excitation of conformer ground states, either of which can

result in selective conformational changes.22–24 The jet cooling technique has provided an

excellent Raman spectra of glycine in the 180–500 cm−1 region.28,29

The current investigation was motivated primarily by kinetic questions. Secondarily, we

hoped to contribute to spectroscopic questions involving the coupling between different basis

vibrational states and the spectra of metastable conformers. The kinetic questions are best

addressed by having a global surface that accurately depicts the energetics of the stable

and metastable conformers as well as the saddle points between them. The spectroscopic
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questions are addressed here by determining the interaction between basis states. In the

approach used by MULTIMODE30–32 (MM) the basis states are identified with self-consistent

field vibrational wavefunctions based on product harmonic oscillator wavefunctions.30 The

couplings, or configuration interactions (CI), between them, give rise both to shifts in the

energy of the mixed CI states and to alterations of the intensities of the dipole allowed transi-

tions. Although a global surface will be less spectroscopically accurate than determining the

vibrational properties of a single geometry, only a global surface can address the interesting

kinetic aspects of a molecule.

In this paper we address spectroscopic questions such as the vibrational transitions both

from the global minimum, Conformer I, of glycine and from Conformer II. We also address

kinetic questions such as the tunneling rate between Conformer VI and Conformer I.23

Methods

Potential Energy Surface

The glycine potential energy surface used here has been described previously.2 Briefly, it

is derived from a data set of energies at approximately 70,000 geometries calculated using

density functional theory (B3LYP) with Dunning’s aug-cc-pVDZ basis set. The fit is to

20,000 energies and their associated gradients as well as to 50,000 additional energies using a

permutationally invariant polynomial basis in 45 Morse variables with maximum polynomial

order of four. Investigation of the surface located eight conformers of glycine as well as 15

saddle points connecting them. The harmonic frequencies calculated for the global minimum

on the surface (Conformer I) were found to agree well with those of the direct-DFT optimized

structure, with a mean absolute error of 4.3 cm−1.
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MULTIMODE Calculations

First, we present a brief recap of the VSCF30,33 and VSCF/VCI scheme34 in MULTI-

MODE.31,32,35 The Hamiltonian (for non-linear molecules) used is the exact Watson Hamil-

tonian,36 in mass-scaled normal coordinates, Q. This Hamiltonian is given by

Ĥ =
1

2

∑
αβ

(Ĵα − π̂α)µαβ(Ĵβ − π̂β)− 1

2

F∑
k

∂2

∂Q2
k

− 1

8

∑
α

µαα + V (Q), (1)

where α(β) represent the x, y, z coordinates, Ĵα and π̂α are the components of the total and

vibrational angular momenta respectively, µαβ is the inverse of effective moment of inertia,

and V (Q) is the potential. The number of normal modes is denoted by F , and for non-linear

molecules F equals 3N − 6. In many applications of this Hamiltonian in the literature, the

vibrational angular momentum terms are neglected. This approximate Hamiltonian cannot

lead to exact results. We do not neglect these terms in the MULTIMODE software.

For general applications using the VSCF/VCI scheme, there are two major bottlenecks.

One is the numerical evaluation of matrix elements and the second is the size of the H-matrix.

Both naively have exponential dependence on the number of normal coordinates.

As an effective approach to deal with exponential scaling of matrix elements we represent

the potential is the hierarchical n-mode representation (nMR) of the potential.31 In normal

coordinates, this representation is given by

V (Q1, Q2, · · · , QF ) =
∑
i

V
(1)
i (Qi) +

∑
i,j

V
(2)
ij (Qi, Qj)+

∑
i,j,k

V
(3)
ijk (Qi, Qj, Qk) +

∑
i,j,k,l

V
(4)
ijkl(Qi, Qj, Qk, Ql) + · · · ,

(2)

where V
(1)
i (Qi) is the one-mode potential, i.e., the 1D cut through the full-dimensional PES

in each mode, one-by-one, V
(2)
ij (Qi, Qj) is the intrinsic 2-mode potential among all pairs of

modes, etc. Here, intrinsic means that the any n-mode term is zero if any of the arguments

is zero. Also, each term in the representation is in principle of infinite order in the sense of
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a Taylor series expansion. So for example, V (1)(Q) might look like a full Morse potential.

This representation has been used for nearly twenty years by a number of research groups;

a sample of these are refs. 31,32,35,37–40. It continues to be actively used in a variety of

applications and theoretical developments.41–46 In MULTIMODE the maximum value of n

is 6. However, from numerous tests it appears that a 4MR typically gives energies that are

converged to within roughly 1–5 cm−1.47–49 Thus we generally use 4MR with an existing

full-dimensional PES and this is also done here.

The second major bottleneck to all VCI calculations is the size of the H-matrix, which

as noted already can scale exponentially with the number of vibrational modes. There are

many strategies to deal with this. Basically, they all limit the size of the excitation space,

with many schemes taken from electronic structure theory. For example, the excitation space

can be limited by using the hierarchical scheme of single, double, triple, etc. excitations.

MULTIMODE uses this among other schemes and can consider up to quintuple excitations.

A major difference with electronic structure theory is that the nuclear interactions go beyond

2-body. This is immediately clear from the n-mode representation. Thus, MULTIMODE

tailors the excitation scheme for each term in this representation. Other schemes to prune

the CI basis have been suggested and the reader is referred to reviews39,41,47,50–55 for more

details.

We note that the above basic VSCF/VCI scheme with the n-mode representation has been

implemented in Molpro by Rauhut and co-workers with the option to obtain the electronic

energies directly on n-mode grids, with n up to 4 or from an existing potential.56 Of course

numerous enhancements and modifications to the basic scheme can be found there.

Finally, some comments on the limitations of rectilinear normal modes and thus the

Watson Hamiltonian are in order, especially for glycine, which has low energy torsional

modes. These are not expected to be accurately described especially for excited states which

will exhibit large amplitude curvilinear motion. We typically either include these modes,

albeit with just a small number of basis functions, or drop then from the calculation. Both
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of these strategies are done here. With respect to large amplitude curvilinear motion or

torsional modes, we do note that the reaction path version of MULTIMODE57 is able to

describe these. However, since such motion is not the focus of the present work we do not

use this version, as it is also more computationally demanding than the version we adopt

here. Thus, the spectra we present are more reliable quantitatively in the high-frequency

region than in the low-frequency region.

Details for Glycine Calculations

Calculations were performed using Version 5.1.4. of MULTIMODE.30–32 The calculations used

a four-mode representation of the potential in mass-scaled normal coordinates and a three-

mode representation of the effective inverse moment of inertia for the vibrational angular

momentum terms in the exact Watson Hamiltonian.36 The formalism is based on CI from

the virtual space of the ground vibrational state VSCF Hamiltonian. We explored reduced

mode models as well as a full, 24-mode model. With a 9-mode model with CI blocks of size

7869 and 5064 for the A′ and A′′ symmetries, we calculated 578 and 474 CI vibrational levels

of these symmetries up to the energy of 5000 cm−1. The model gave encouraging results

for intensities, but several levels were significantly shifted from the experimental results. A

10-mode model was not much of an improvement. The full, 24-mode model was deemed to

be the best. It had CI blocks of size 33,821 and 32,190, and we calculated 3180 and 3098 CI

vibrational levels up to the energy of 3700 cm−1.

For IR calculations a dipole moment surface is needed. The dipole-moment surface of

glycine is approximated by a separable form, which in normal coordinates is given by

µ(Q1, . . . , Q24) = µe +
24∑
i=1

∆µi(Qi), (3)

where µe is the dipole moment of glycine at the equilibrium configuration, and ∆µi(Qi) is

the change of dipole caused by the change in the ith normal mode, obtained by a 4th-order
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polynomial fit to 10 points on the 1d DFT (B3LYP/aug-cc-pVDZ) dipole cut along this

mode. Note that this expansion was calculated separately for Conformer I and Conformer

II.

The output from MM provided the energies of the CI states, the mixing coefficient corre-

sponding to each basis state, and the intensity of the dipole transition between the zero-point

level and each CI state. The corresponding spectrum was constructed using the CI energies

and transition dipole intensities and then simulated using Gaussian peaks with full width at

half maximum (FWHM) of 5 cm−1.

Tunneling Calculations

Because tunneling is so sensitive to the length of the tunneling path and shape of the poten-

tial above it, comparison of experimental results for the half-life with calculated estimates

of tunneling provide an excellent test of a potential energy surface. Good estimates can

usually not be obtained without a multidimensional PES. We have performed estimates of

the tunneling rate to compare with experiment.22 The path chosen using the PES will be

discussed in a later section. Although multi-mode tunneling would provide a more accurate

tunneling rate, our strategy for a simple estimate is to find the potential energy along the

1d tunneling path, letting all other coordinates relax to their minimum energy, and then to

use a standard one-dimensional integral to determine the tunneling rate. The equations and

method have been discussed previously.58 Briefly, the tunneling rate constant between two

conformers is given by

k(E) =
ω

2π
exp(−2θ), (4)

where ω is twice the zero-point energy (ZPE) of the starting conformer,

θ =
1

h̄

∫ b

a

dQ
√

2[V (Q)− E], (5)
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and where a and b are the starting and ending points on the tunneling path. V is the potential

energy along the path and E is the potential energy of the starting conformer, taken to be its

ZPE for this calculation. The ZPE is calculated using the potential V by means of a discrete

variable representation (DVR) solution for the energy levels of the starting conformer, as

described by Colbert and Miller.59

Results and Discussion

Potential Energy Surface and MULTIMODE Frequencies

Tables 1 and 2 show the results of previous calculations by the Barone group,13 the values

for peaks in the experimental vibrational spectrum from the ground state, and the results of

our MM calculations. Note that the MM listings give the frequency for which the coefficient

of the fundamental is largest. In many cases, the fundamental and its intensity are split

between several of the CI states.

The DFT results for the global minimum shown in the first column of Table 1 are quite

consistent with the harmonic frequencies based on the global minimum of our PES (fourth

column). The generalized second-order Vibrational Perturbation Theory (GVPT2) results13

in the second column are in much better agreement with the experimental ones than either

the DFT results or the harmonic frequencies from our PES. Our MM results are generally

in better agreement with experiment than the PES harmonic frequencies, but they are not

as good at predicting experiment as the GVPT2 results. The mean absolute error (MAE),

as compared to experiment, is 7.8 cm−1 for the GVPT2 results and 36.2 cm−1 for the MM

ones. However, MM with this PES is still quite reasonable, and, as a global surface, the PES

can be used to examine many kinetic properties, one of which will be discussed below.

Results for absorption from Conformer II, shown in Table 2, are similar in nature to

those for absorption from the global minimum. The DFT and harmonic potential energy

surface vibrational levels are again in good agreement with one another. As compared to
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experiment, the MAE for the GVPT2 results is 11.3 cm−1 and 36 cm−1 for the MM.

Table 1: Comparison of vibrational energies for the vibrational spectrum starting
from the glycine global minimum (Conformer I). All energies are in cm−1 relative
to the ZPE.

DFTa GVPT2b Exptc PES-HOd MM CIe

65 – – 63 153
245 203 204 212 297
310 255 250 258 345
509 461 458 460 495
548 494 500 506 545
644 633 615 632 661
817 603 619 654 701
864 802 801 819 823
890 863 883 911 902
922 907 907 918 945

1068 1103 1101 1126 1132
1165 1144 1136 1162 1169
1214 1164 1166 1184 1193
1332 1286 1297 1306 1297
1352 1353 1340 1373 1384
1415 1387 1405 1389 1386
1461 1435 1429 1431 1446
1659 1612 1608 1676 1625
1846 1774 1779 1806 1802
3062 2947 2943 3046 2971
3108 2961 2969 3088 2985
3463 3367 3359 3498 3409
3533 3418 3410 3565 3453
3614 3575 3585 3729 3594

aref. 13, Table 4
bref. 13, Table 8
cexperiment, as cited in ref. 13, Table 8
dharmonic frequencies determined by MULTIMODE for the glycine PES.
efrom MULTIMODE calculation – frequency whose coefficient for the fundamental is
highest.
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Table 2: Comparison of vibrational energies for the vibrational spectrum starting
from the minimum of glycine Conformer II. All energies are in cm−1 relative to
the ZPE.

DFTa GVPT2b Exptc PES-HOd MM CIe

40 57 154
245 232 247 334
310 304 303 305 366
509 506 508 534
548 543 546 580
644 638 638 666
817 784 786 812 815
864 785 808 853 861
890 851 867 885 890
922 896 911 925 940

1068 1061 1059 1067 1068
1165 1158 1159 1170
1224 1182 1189 1211 1201
1332 1312 1322 1323
1352 1325 1352 1339
1415 1364 1390 1422 1396
1461 1432 1448 1450
1659 1599 1622 1659 1597
1846 1793 1790 1828 1840
3062 2956 2941 3058 3006
3108 2976 2968 3106 3013
3463 3294 3275 3463 3228
3533 3384 3381 3526 3444
3614 3454 3447 3608 3467

aref. 13, Table 4
bref. 13, Table 8
cexperiment, as cited in ref. 13, Table 8
dharmonic frequencies determined by MULTIMODE for the glycine PES.
efrom MULTIMODE calculation – frequency whose coefficient for the fundamental is
highest.
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MULTIMODE Spectra

To begin we show cuts of the new dipole moment vs normal mode for the indicated mode

and conformer in Figure 1. In MULTIMODE, the x, y, and z axes correspond to three

principal axes B, C, A, respectively. As can be seen in the figure, the cuts of the dipole

moment are quite nonlinear as a function of Q. Therefore, using a linear dipole, e.g., the

double harmonic approximation, may be inaccurate for the IR intensities.
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Figure 1: Dipole moment versus indicated normal mode for indicate confomer

Figure 2 shows a comparison between the experimental spectrum of Stepanian et al.,9 the
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spectrum calculated by the Barone group using GVPT2, and that for transitions from the

ground state calculated using MM and our potential energy surface. In order to emphasize

the relative intensities, we have used two adjustable amplitude parameters to compare the

two calculated spectra with the experimental spectrum. There is good agreement between

the three spectra on the intensities of most of the peaks, but the MM ones appear to be

shifted somewhat to higher energy than the experimental ones. The GVPT2 ones are a bit

closer in energy to the experimental ones than the MM peaks. Nonetheless, the general

agreement between all three spectra is good. Note that the experimental peak at 3200 cm−1

has been shown to be due to the presence of small concentrations of Conformer II.22

Figure 3 shows a comparison between the experimental peaks,26 the GVPT2 calcula-

tions,13 and the MM results for the spectra starting from Conformer II. Again, there are

two arbitrary adjustable parameters for setting the intensities. The general agreement is

excellent, showing that the GVPT2 and MM calculations are performing well. Of partic-

ular interest is the fact that both the GVPT2 and MM calculations produce a peak near

3200 cm−1, known to be attributable to absorption from Conformer II.22 The MM peak is

reasonably broad due to substantial mixing of levels, but its breadth is comparable to the

experimental peaks shown in Fig. 3B, peak h of ref. 26 or Fig. 2b of ref. 22.

Tunneling

In 2012, Bazsó et al.22 reported an interesting experiment in which Conformer I of glycine

was excited by a pulsed, mid-IR laser on the overtone of its OH stretch. It was observed that

this excitation depleted population from Conformer I and created population in Conformer

VI. Subsequently, even in the dark, Conformer VI decayed to Conformer I so that the original

spectrum was recovered after a measurable time period. Noting that the two Conformers I

and VI are related by a 180◦ rotation of the OH hydrogen around the C-O axis, the thesis

of the experimental interpretation was that the transformation involved tunneling of the

hydrogen through a torsional barrier from Conformer VI to Conformer I. Deuteration at the
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Figure 2: Comparison of experimental spectrum9 (black) and GVPT2 (blue) results13 with
the ground state spectrum calculated using MULTIMODE and the glycine PES (red). The
calculated spectra assume a FWHM linewidth of 5 cm−1. The experimental peak at 3200
cm−1 is due to a small amount of Conformer II.
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Figure 3: Comparison of experimental stick spectrum26 (black) and GVPT2 (blue) stick
spectrum13 with the Conformer II spectrum calculated using MULTIMODE and the glycine
PES (red). The MULTIMODE spectrum is plotted with a FWHM linewidth of 5 cm−1. The
dashed black lines represent peaks in the spectrum for which the intensity is not reported.
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hydrogen site resulted in lowering the rate of recovery by many orders of magnitude.

We have calculated tunneling in glycine using our glycine PES in order to test the thesis

that tunneling is responsible for the experimental observation and to investigate whether a

simple model might be useful. As mentioned, the path by which Conformer VI is transformed

into Conformer I is principally the rotation of the OH group around the CO bond. Previous

successful one-dimensional estimates58,60,61 have used a Qim path that follows the imaginary

frequency barrier between the two conformers. In these examples, the normal mode vector

at the saddle point indicates motion that will lead very closely to one of the two conformers.

While this Qim path is effective for many problems, in a torsional coordinate the normal

mode vector at the saddle point is tangent to the circular path and thus will point far away

from either conformer; what we really want is an arcing torsional path. A simple analysis

shows that the Qim path underestimates the path length for integration by about a factor of

π/2 and thus gives much too small a half-life. Indeed, using the Qim path for the Conformer

VI to Conformer I tunneling transition underestimates the tunneling half-life in glycine by

six orders of magnitude. The torsional path does much better.

As a first step to examine the torsional path, we calculated the potential energy of glycine

at each point along the semi-circular torsional path at points separated by a change in angle

of 0.5◦, assuming that all other coordinates were fixed at their original values for Conformer

VI. The potential energy for this “unrelaxed” path is similar to that shown in Fig. 4 except

that it is a bit longer and has slightly higher barriers. The potential shown in the figure is

for a “relaxed” path, where all coordinates are allowed to take whatever values minimize the

energy at each rotational angle. The principal change is in the distance r of the rotating H

atom from the CO axis; it changes from 0.90 Å at Conformer VI, to 0.88 Å at the transition

state and 0.92 Å at Conformer I.

The ZPE for Conformer VI was found to be 227 cm−1 using the DVR technique (which

also gave the other energy levels shown in the figure). Then in Eq. 4, ω/2π = ν = 2(227)c,

where c is the speed of light. The integral in Eq. 5 was performed numerically with E=
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Figure 4: Tunneling from Conformer VI to Conformer I along a rotational path arc of the
OH group around the CO bond, where the potential energy of all other modes is relaxed.
The zero point energy of Conformer VI is 227 cm−1.

227 cm−1 and the potential V (Q) shown in Fig. 4. Using the rate constant obtained from

Eq. 4, we found the half-life of Conformer VI to be 0.43 s. The experimental result depends

somewhat on the nature of the matrix, but it ranges from 2.8 to 4.4 s. For the triply

deuterated glycine (with two D atoms bonded to the N and one to the O), the calculated

half-life is 202 hours whereas the experimental result is 48 to 99.3 hours. Despite the fact

that the calculated values are not in perfect agreement with the experimental results, one

should note that an uncertainty of ±10% in the value of the integral leads to a value of

the half-life that is divided or multiplied by a factor of nearly 20. The path for integration

that we have used is a fairly simple one, so that the integral could easily be over- or under-

estimated by 10%. Thus, the near agreement means that the surface is probably not too far

off from one that would agree more accurately with experiment.

One further improvement was considered. We calculated the energies of the two con-

formers and the transition state using coupled cluster single-double and perturbative triple

excitations, CCSD(T), with Dunning’s aug-cc-pVDZ basis set. Although the saddle point

did not fully converge, we took the lowest energy obtained. In the DFT calculation the

saddle point referenced to the global minimum (Conformer I) was 4010.7 cm−1 and 2292.3
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cm−1 when referenced to Conformer VI. In the CCSD(T) results the similar numbers were

4148.2 cm−1 and 2500.7 cm−1. Thus, the barrier to tunneling would be about 200 cm−1

higher for a CCSD(T) surface, lengthening the half-life somewhat for both the H and D

versions of glycine. A simple “morphed” version of the relaxed potential, adjusted to give

a barrier of 2500 cm−1 consistent with the CCSD(T) calculation, resulted in a half-life of 7

s. Information about the CCSD(T) results for Conformers I, II, III and VI, including ge-

ometries, energies, and harmonic frequencies, is provided in the Supplementary Information

(SI).

Comments about a sGDML glycine potential

At about the same time we reported our PIP glycine potential,2 a potential from the

Tkatchenko group was reported.5 Their PES was a fit to DFT/PBE gradients using the

sGDML method developed by that group and was limited to describing the isomerization of

conformer I to conformer III. The aim of that work is expressed directly by the title “Chal-

lenges for machine learning force fields in reproducing potential energy surfaces of flexible

molecules”. The methods considered were sGDML, SchNet, Gaussian Approximation Po-

tentials/Smooth Overlap of Atomic Positions (GAPs/SOAPs), and Behler-Parrinello neural

networks (BP-NN). The latter two are well-known atom-centered ML methods. The conclu-

sion was that all the methods examined have issues with their descriptors, with the BP-NN

method performing the worst and the sGDML performing the best.

A detailed discussion of the reviewed approaches5 and a comparison to the PIP one2

is certainly worthwhile for the future. Here we simply note that we obtained the sGDML

PES from the Tkatchenko group and have used it in standard optimizations of the two

minima followed by normal mode analyses. The results are given in the SI. Briefly, the mean

absolute errors, as compared to the benchmark CCSD(T) calculations, were 9.9 cm−1 for

our PIP surface and 36.9 cm−1 for the sGDML surface for Conformer I and 14.5 cm−1 for

the PIP surface and 43.4 cm−1 for the sGDML surface for Conformer III. These differences
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were, to some extent, due to the different DFT functionals used, B3LYP in our case and

PBE in the sGDML case.

The sGDML surface was based on a data set of 5000 energies and associated gradients

obtained using ab initio molecular dynamics calculations at temperature of 500 K. The

energy distributions for the PIP and sGDML surfaces are given in Fig. S1 of the SI. The

sGDML distribution has a peak just above 4000 cm−1, which is less than one quarter of the

zero-point energy (17 205 cm−1). Thus, the molecular dynamics calculations explored only

a fraction of the configuration space corresponding to the zero point motions. Of course, it

was never intended that the sGDML surface would be accurate except for the path between

Conformers I and III, nor was it the intention for the SGDML surface to be used for dynamics.

On the sGDML PES, conformer III is 563 cm−1 higher, and the barrier height of the I →

III isomerization is 678 cm−1. The numbers from our PIP PES are 577 cm−1 and 778 cm−1,

respectively. The differences between these values were primarily due to the different DFT

functionals used.

However, it is clear that the sGDML PES is limited with respect to coverage of total

energies and description of conformers compared to the PIP one. In fact, the sGDML

PES has many holes even at relatively low energies for these conformers and, as expected, it

produces unphysical results for other conformers. We do note our PES was refined numerous

times to eliminate holes that we discovered in extensive diffusion Monte Carlo calculations

for each conformer. Without doubt, our PES still has holes at very high energies and for

configurations that describe any feasible fragmentation channel. Holes are an inevitable

feature of a machine-learned potential and so we might offer the following dictum “If the

PES has holes it was probably machine learned”.
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Conclusions

The PES for glycine2 has been used to determine the infrared spectrum for absorption both

from Conformer I and from Conformer II. Quite reasonable agreement with the fundamental

frequencies has been found with previous results, as shown in Tables 1 and 2. In addition,

the comparison with the experimental spectra is also quite good, as shown in Figures 2 and

3. The PES has also been used to investigate tunneling from Conformer VI to Conformer I.

The experimental result for the tunneling half-life for H is 2.8–4.4 s, depending on the nature

of the matrix used to isolate the glycine.22 Analysis along a 1d torsional tunneling path of the

PES, allowing for relaxation of all other coordinates, gives a half-life of 0.43 s for the DFT-

based PES and 7 s for a surface modified so as to have a barrier in agreement with CCSD(T)

calculations. Both experiment and calculation show that the tunneling rate for D is orders

of magnitude slower, on the order of 50–200 hours. In general both spectroscopic and kinetic

calculations show that an improvement in the description of the electronic structure beyond

the DFT level is helpful in achieving better results. We have recently developed a ∆ machine

learning approach to make that feasible.62

Another possible use for the full-dimensional glycine PES might be in calibrating machine

learning (ML) techniques for prediction of dynamics in glycine as well as in larger, similarly

flexible molecules. For example, the Tkatchenko group has recently considered several ML

models as applied both to the isomerization in glycine between Conformers I and II and to

the cis to trans relaxation in azobenzene.5 Accurate potential energy surfaces, tested against

experimental spectra and dynamical measurements of tunneling and isomerization rates will

be particularly useful. In this regard the dataset used for the glycine PIP PES is available

at https://scholarblogs.emory.edu/bowman/potential-energy-surfaces/

21



Acknowledgement

JMB thanks the Army Research Office, DURIP grant (W911NF-14-1-0471), for funding a

computer cluster where most of the calculations were performed. We thank Prof. Alexandre

Tkatchenko and Valentin Vassilev Galindo for sending the glycine sGDML PES. JMB thanks

Alexandre Tkatchenko for discussions.

Supporting Information Available

Tables providing information on the results of CCSD(T)/aug-cc-pVDZ results on the opti-

mized structure energies, geometries as well as and harmonic vibrational energies for Con-

formers I, II, III, and VI, with comparison to B3LYP/aug-cc-pVDZ, PIP-PES surface, and

sGDML surface frequencies.5 Figures showing the histograms of energies in the data sets for

our PIP PES and for the sGDML one.

22



TOC Figure

References

(1) Barone, V.; Biczysko, M.; Bloino, J.; Puzzarini, C. Characterization of the Elusive

Conformers of Glycine from State-of-the-Art Structural, Thermodynamic, and Spec-

troscopic Computations: Theory Complements Experiment. J. Chem. Theory Comput.

2013, 9, 1533–1547.

(2) Conte, R.; Houston, P. L.; Qu, C.; Li, J.; Bowman, J. M. Full-dimensional, ab Initio

Potential Energy Surface for Glycine with Characterization of Stationary Points and

Zero-point Energy Calculations by Means of Diffusion Monte Carlo and Semiclassical

Dynamics. J. Chem. Phys. 2020, 153, 244301:1–11.

(3) Császár, A. G. Conformers of Gaseous Glycine. J. Am. Chem. Soc. 1992, 114, 9568–

9575.
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(43) Erfort, S.; Tschöpe, M.; Rauhut, G. Toward a Fully Automated Calculation of Rovibra-

tional Infrared Intensities for Semi-rigid Polyatomic Molecules. J. Chem. Phys. 2020,

152, 244104:1–14.

(44) Schmitz, G.; Artiukhin, D. G.; Christiansen, O. Approximate High Mode Coupling

Potentials Using Gaussian Process Regression and Adaptive Density Guided Sampling.

J. Chem. Phys. 2019, 150, 131102:1–7.

(45) Madsen, N. K.; Jensen, R. B.; Christiansen, O. Calculating Vibrational Excitation

Energies Using Tensor-decomposed Vibrational Coupled-cluster Response Theory. J.

Chem. Phys. 2021, 154, 054113:1–14.

(46) Moitra, T.; Madsen, D.; Christiansen, O.; Coriani, S. Vibrationally Resolved Coupled-

cluster X-ray Absorption Spectra From Vibrational Configuration Interaction Anhar-

monic Calculations. J. Chem. Phys. 2020, 153, 234111:1–18.

(47) Bowman, J. M.; Carrington, T.; Meyer, H.-D. Variational Quantum Approaches for

Computing Vibrational Energies of Polyatomic Molecules. Mol. Phys. 2008, 106, 2145–

2182.

28



(48) Carter, S.; Bowman, J. M.; Handy, N. C. Multimode calculations of Rovibrational

Energies of C2H4 and C2D4. Mol. Phys. 2012, 110, 775–781.

(49) Carter, S.; Sharma, A. R.; Bowman, J. M. First-principles Calculations of Rovibra-

tional Energies, Dipole Transition Intensities and Partition Function for Ethylene Using

MULTIMODE. J. Chem. Phys. 2012, 137, 154301:1–19.

(50) Roy, T. K.; Gerber, R. B. Vibrational Self-consistent Field Calculations for Spec-

troscopy of Biological Molecules: New Algorithmic Developments and Applications.

Phys. Chem. Chem. Phys. 2013, 15, 9468–9492.

(51) Oschetzki, D.; Rauhut, G. Pushing the Limits in Accurate Vibrational Structure Cal-

culations: Anharmonic Frequencies of Lithium Fluoride Clusters (LiF)n, n = 2—10.

Phys. Chem. Chem. Phys. 2014, 16, 16426–16435.

(52) Császár, A. G.; Fabri, C.; Szidarovszky, T.; Matyus, E.; Furtenbacher, T.; Czakó, G.
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