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ABSTRACT

We report first principles molecular dynamics (MD) and dipole driven molecular dynamics (p-
DMD) simulations of the hydrogen oxalate anion at the MP2/aug-cc-pVDZ level of theory. We
examine the role of vibrational coupling between the OH stretching bands, i.e., the fundamental
and a few combination bands spanning the 2900 - 3100 cm™ range, and several of the low-
frequency bending and stretching fundamental modes. The low-frequency modes between
300 - 825 cm! play a crucial role in the proton transfer motion. Strong involvement of CO, and
CCO bending and the CC stretching vibrations indicate that these large amplitude motions cause
the shortening of the O---O distance and thus promote H* transfer to the other oxygen by bringing
it over the 3.4 kcal/mol barrier. Analysis of resonant u-DMD trajectories shows that the complex
spectral feature near 825 cm’!, closely corresponding to both an overtone of two quanta of 425
cm! and a combination band of low-frequency CO, rocking (300 cm™) and CCO bending (575
cm’') modes is involved in proton transfer. u-DMD shows that exciting the system at these mode
combinations leads to faster barrier activation than exciting at the OH fundamental mode.
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I. INTRODUCTION
Proton transfer (PT) motion and hydrogen bonding interactions are used to describe some of the
most fundamental processes in biology and chemistry. In this regard, PT is the central, primary
component of the electron transport chain, acid-base chemistry, which includes the Grotthus
mechanism and other reaction processes.!> Hydrogen oxalate, [C2O4H]~ is an anion derived from
oxalic acid. The addition of a proton to the oxalate anion results in the cyclic geometry where the
proton is located on the non-colinear path between two oxygen atoms. (As a side note, in the
present paper, we prefer to use the terms ‘colinear/non-colinear’ for the O-H---O configuration to
avoid confusion with the conventional terms ‘linear/nonlinear’ indicating a functional property or
a dynamical process.) Hydrogen oxalate exhibits an asymmetric intramolecular hydrogen-bonded
structure®* similar to molecular structures of malondialdehyde® and acetylacetone®. In other
intermolecular hydrogen bonded model systems, HsO>" and H3O>, the proton is located between
the two oxygens along the colinear path: symmetrically in the middle of the O---O bond’ in HsO,",
while in the H3O5, structure is very slightly asymmetric.®

On the other hand, hydrogen oxalate is a much more asymmetric hydrogen-bonded system
with the proton bound between two oxygen atoms in a non-colinear configuration. The PT in
oxalate occurs on the potential energy involving the barrier height 1200 ¢cm™ (3.4 kcal/mol,
CCSD(T)/aug-cc-pVTZ level of theory, see below) along the non-colinear O-H:--O path.
Therefore, it is expected that the spectral signatures of the PT motion will be significantly different
for intramolecular vs. intermolecular hydrogen-bonded systems. Peluso et al. studied the effect of
promoting low frequency bending vibrations on PT in 3-hydroxyflavone.” Similarly, the ground
state structure of 3-hydroxyflavone also exhibits a five-membered ring with an asymmetric

intramolecular proton bond”!? like the hydrogen bond in hydrogen oxalate. They found that large



amplitude CCO bending vibrations shorten the distance between the donor and acceptor oxygen
atoms in the intramolecular hydrogen bonded structure that could favor the PT.’

The PT motion in [C2O4H]™ has been the subject of much experimental and theoretical
work.>*11-13 Spectroscopic investigation of the PT process in [C2O4H]~ was first published by
Truong et al., examining the rate constants of the PT and the probabilities of proton tunneling.!!
Using relationships between a proton, deuterium, and tritium oxalates, and based on standard
calculations using the transition state theory (TST), Truong et al. concluded that tunneling effects
are more important for deuterium than proton, especially at lower temperatures.!! They found that
at 300 K tunneling enhanced the transfer rate by 5% for proton and 40% for deuterium. Later on,
Duan and Scheiner reported proton transfer rates and kinetic isotope effects (KIE) in a similar bent
hydrogen bonded complex. Their findings on the effects of tunneling on KIE concluded that while
the ZPE accounts for much of the KIE in deuterated complex, a considerable fraction of the KIE
had occurred due to tunneling for the proton and deuteron.!? Bosch et al. described the coupling
of the O-H stretching and in-plane H bending modes to facilitate the PT as a non-colinear process.!?

Hydrogen oxalate and its deuterated isotopologue have relatively low barrier heights for
the proton/deuteron transfer process.** Recent work points out that non-colinear PT in hydrogen
oxalate anion is of interest due to its similarity with protonated glycine dipeptides.!'* Several other
studies of vibrational spectra of protonated peptides have uncovered diffuse spectral features in
the vicinity of 2500 cm™! that correspond to pentagonal cyclic ionic hydrogen bond stretching
modes. For instance, experimental predissociation spectra of [C204H]™.(H2)2 and [C204D]".(H2)2
were reported by Wolke et al.> covering mainly the higher frequency region of the spectra above
900 cm!. Hydrogen oxalate also exhibits such diffuse spectral features for the OH and OD-stretch

vibrations that span over 2600-3400 cm™! and 1800-2200 cm! range, respectively.>* In addition to



measuring the vibrational spectra, Wolke et al. made mode assignments using VPT2 and
vibrational configuration interaction (VCI) calculations at the B3LYP/6-311++G(d,p) level of
theory. However, the broad spectral feature in the OH/OD stretch regions was not retrieved at this
level of theory, which led Wolke et al. to propose that this spectral feature originated in couplings
between the high-frequency OH-stretch and the low-frequency COH bending along with
deformation skeletal “doorway” vibrations.?

Theoretical studies by Xu and Meuwly* used classical molecular dynamics (MD) and ring
polymer MD simulations (RPMD) to obtain vibrational spectra of [C204H]~ and [C204D]" that
were directly compared to the available experiment.> The quantum RPMD calculations produced
broader IR spectra than the classical MD, although the effect of tunneling on the spectra was not
discussed. The effective barrier height for the PT was modulated using a molecular mechanics
proton transfer (MMPT) force field approach. Force field parameters were determined by fitting
three different barrier heights (3.5, 4.2, and 4.5 kcal/mol) to ab initio calculations at the MP2/6-
311++G(2d,2p) level of theory. Xu and Meuwly also reported MD simulations at B3LYP/6-31G
levels of theory that produced satisfactory results compared to the experiment® where it was
concluded that a barrier height of 4.2 kcal/mol best reproduced the position and width of the IR
absorption associated with the PT*,

In our previous work dealing with shared proton dynamics away from the harmonic limit,

we analyzed vibrational spectra of protonated water clusters,!>!

a protonated nitrogen dimer,
N4H",?° and isoelectronic species NoH*--OC,?! using the dipole drive molecular dynamics method.
Below, we refer to the dipole driven molecular dynamics method simply as DMD. We

demonstrated that DMD can distinguish fundamentals, overtones, combination bands, and can

identify anharmonic shifts. Importantly, DMD can be used to assign vibrational spectra in a wide



range of frequencies, including low-frequency parts in the far IR and terahertz regimes,*? which is
particularly useful in the case of hydrogen oxalate.

The major aim of the present work is using DMD as a robust alternative to quantum
vibrational methods to (i) describe the intramolecular PT motion in hydrogen oxalate and (ii)
examine the cooperativity effects of the low frequency vibrations on PT activity. To reach this
objective, we perform first principles molecular dynamics simulations to (a) generate IR spectra
of hydrogen oxalate and its deuterium isotopologue and (b) assign prominent vibrational features,
i.e., fundamentals, combination bands and overtones, by propagating and analyzing resonant DMD

trajectories.

II. COMPUTATIONAL METHODS

Geometry optimization and frequency analysis for [C204H]~ and [C204D]~ global minimum and
transition state for the PT were carried out at the MP2,2-2° CCSD,?*?° and CCSD(T)?"3%3! levels
of theory with Dunning’s basis sets*>*3 aug-cc-pVDZ (AVDZ) and aug-cc-pVTZ (AVTZ).

To simulate the IR spectra, a total of 20 trajectories, with the initial conditions at the
equilibrium geometry, were generated by sampling the velocities randomly from a uniform
distribution and propagated for 10 ps as NVE ensemble with the total energy of 3128 cm™ (~300
K) using the velocity-Verlet integrator with a time step of 0.5 fs. The spectra were then obtained
by a Fourier transform of the dipole-dipole correlation functions recorded along the trajectories
and time-averaged over the length of the trajectories with a 4 ps signal window.?°

The DMD method allows trajectory analysis at each of the driving frequencies that absorb

any amount of energy, thus making mode assignment possible. Our previously published works

describe the details and recent implementation of the DMD method.!®!*2° In DMD, an external,



sinusoidal electric filed is employed to cause an absorption at a resonant frequency, . The time-
dependent Hamiltonian consists of the molecular Hamiltonian, H, and a time-dependent driving
term,

H(p,q,t; ) = Hy(p,q) + fi(q) * € sinwt (D
where [i(q) is the coordinate-dependent electric dipole moment vector, and € is the electric field
vector with the fixed laboratory frame Cartesian components X, Y, Z. The adapted equations of
motion accounting for the driven term are

g=2 (2a)

p=-V(g)— (Vi) - € sinwt (2b)
where V(g) is the molecular interaction potential, m are atomic masses, and p and g are the 3N
Cartesian momenta and coordinates, respectively. We typically vary the electric field strength on

2021 present DMD simulations at

the [50,250] mV/bohr range to calibrate energy absorption.
fundamental frequencies were carried out with the electric field strength 130 mV/bohr. To induce
appreciable energy absorption in combinations and overtone bands, that are forbidden in the
double harmonic limit, we use the electric field at stronger intensity, 200 mV/bohr.

The DMD spectra were generated in the range of the experimentally known IR active
vibrations® between 50-2000 cm! and 2600-3400 cm™! in the case of [C20sH]™ with a frequency
step of 25 cml. Due to the H/D isotopic shift, the spectral range was 50-2400 cm'! in the case of
[C204D]". We run ~100 DMD trajectories for each isotopologue, [C2O4H] and [C204D]". Each
DMD time step calculation requires 3 gradient evaluations, compared to just one gradient

evaluation for each MD time step. Based on a broad comparison with several other methods (see

below for more details), we have chosen MP2/AVDZ level of theory to evaluate the interaction



potential and dipole moment. The MD and DMD trajectories were propagated directly using
MOLPRO 2019.1 program.*

The average internal energy of the molecule is monitored along the driven trajectory, which
is given by'?

Ipwp (@) = = J; dt H(p(t), q(t); ). (3)

It is expected to increase rapidly on resonance and oscillate off-resonance, whereby the resonant
frequencies o are identified. It is also a time-dependent quantity, and longer propagation times
result in better spectral resolution.’® At each resonant frequency, we examine the absorbed energy

profiles, driving forces, dipole derivatives, atomic coordinates, calculate bond distances, bond

angles, and dihedral angles to make the assignment of spectral features.

Figure 1. [C2O4H] global minimum configuration with atom labels, calculated with MP2/AVDZ.
The molecule is oriented in the XY plane. The key interatomic distances are O3-H7=1.009 A, O6-
H7=1.677 A, 03-06=2.487 A, bond angles O3-H7-06=134.1 degrees, H7-03-C1=97.7 degrees.

II1. RESULTS AND DISCUSSION
ITI.A Hydrogen Oxalate structure and the Proton Transfer Barrier
Figure 1 shows the hydrogen oxalate, [CoO4H]™ global minimum geometry of the C;
symmetry. A comparison of the fully optimized structural parameters at various levels of theory
are provided in the Supporting Information (Tables S1 - S7). At the global minimum, the O-H

bond distance is very similar among all methods (within 0.01 A); however, the O---H bond distance



varies significantly with the level of theory. The O-H and O-+-H bond distances are 1.000 A and
1.687 A, respectively at the CCSD(T)/AVTZ level of theory. For comparison, we evaluated the
O-H and O---H distances in the asymmetric hydrogen-bonded complex, H3O, (1.088 A and 1.403
A), and in the symmetric hydrogen bonded complex, HsO>" (1.195 A and 1.195 A) at the
CCSD(T)/AVTZ level of theory. O---H bond distance in hydrogen oxalate is much longer
compared to the one in H3O;™.

Different structural parameters in the H3O>~, HsO>", and [C2O4H]™ systems characterizing
the hydrogen bond result in different intermolecular and intramolecular hydrogen bond energies.
The presently computed zero-point corrected dissociation energies of the strongly bound
interatomic hydrogen bonded systems H3;O,™ and HsO," at the CCSD(T)/AVTZ level of theory
are 26.2 and 33.3 kcal/mol, respectively. Very similar values were reported previously at the same

3637 and the corresponding experimental values®® are 27.6 and 32.4 kcal/mol. The

levels of theory
intramolecular hydrogen-bonded energy of the hydrogen oxalate cannot be simply estimated as
the interaction energy, Ein=E(AB)-[E(A)+E(B)]. There are several methods to estimate the energy
of intramolecular interactions. One of the frequently used methods is the so-called open-closed
method, where the intramolecular interaction energy is evaluated as an energy difference between
the open and closed (cyclic) forms.*® The open form is generated by the rotation of the proton-
donor group.*® We estimated the intramolecular hydrogen-bonded energy in hydrogen oxalate by
simply rotating the C-C-O-H dihedral angle by 180 degrees without the full geometry optimization
that would lead to the significant change in the structure.*® The hydrogen oxalate energy of
intramolecular interaction is thus estimated to be 12.4 kcal/mol at the CCSD(T)/AVTZ level of

theory. The non-colinear hydrogen bond in the hydrogen oxalate is much weaker compared to a

colinear hydrogen bond in H3O>~ and HsO-". Intramolecular cyclic hydrogen-bonded structures



similar to hydrogen oxalate are malondialdehyde and acetylacetone. Their intramolecular
interactions energies calculated at the MP2/6-31G** level of theory were 14.0 kcal/mol and 16.2
kcal/mol, respectively.*® For comparison, the value for hydrogen oxalate is 13.6 kcal/mol
calculated at the same level of theory, MP2/6-31G**.

Wolke et al. showed that the PT barrier height depends strongly on the level of electron
correlation theory.> They used B3LYP/6-311++G(d,p) calculations to assign the vibrational
spectra and calculated a 3.4 kcal/mol barrier for PT at the B3LYP/6-311++G(d,p) level of theory.
Xu and Meuwly reported a barrier height of 4.2 kcal/mol at the CCSD(T)/AVTZ level of theory.*
We also calculated the barrier height at the B3LYP, MP2, CCSD, and CCSD(T) levels of theory
with multiple basis sets using fully optimized hydrogen oxalate minimum and transition state
structures. The presently calculated CCSD(T)/AVTZ barrier height with full geometry
optimization is 3.4 kcal/mol, noticeably different from the previously reported value of Xu and
Meuwly.* This difference is provisionally attributed to the latter’s possible use of non-
CCSD(T)/AVTZ optimized geometries for both structures. (See Table S2 and Table S6 in the
Supporting Information). The CCSD(T)/AVTZ zero-point energy corrections reduce the barrier
heights for the [C204H]~ and [C204D] to 1.1 and 1.8 kcal/mol, respectively. We note that the
CCSD/AVTZ level of theory overestimates the barrier height and the MP2/AVTZ barrier height
is smaller compared to the CCSD(T)/AVTZ value. The effect of the basis set size on the barrier
height is rather different for B3LYP and for MP2, CCSD, CCSD(T) methods. Increasing the size
of the basis set tends to increase the barrier height for B3LYP, while increasing basis size for MP2
and CC methods produces the opposite effect. The potential energy barrier heights and the

corresponding ZPE corrected values at various levels of theory are summarized in Table 1.
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II1.B Vibrational mode analysis of [C.O4H]™ and [C,04D]”
The harmonic frequencies and resonant peaks found in the MD and DMD spectra generated by the
direct simulations at the MP2/AVDZ level of theory and those of the previous studies** are shown
in Table 2 and Table 3. Additional method comparisons can be found in the Supporting
Information (Table S3, Table S4). Vibrational frequencies are distinguished as in-plane and out-
plane by the Cs symmetry labels, A’ and A”, respectively (see Figure S1, Figure S2 in the
Supporting Information). Not surprisingly, the OH and OD stretch harmonic frequencies are more
sensitive to the level of theory compared to bending and low deformation vibrations. The
CCSD(T)/AVTZ harmonic frequencies for OH and OD stretch are 3202 and 2340 cm,
respectively. Carrying out direct trajectory simulations with MP2 or CCSD in conjunction with
the AVTZ basis set is computationally too demanding for the seven-atom system with six heavy
atoms. Careful examination of a large set of key properties reveals that the MP2/AVDZ level of
theory yields sufficiently close agreement for structural parameters, barrier energy, dipole
moments, and dipole derivatives with the corresponding CCSD(T)/AVTZ values. Based on this
comparison, summarized in Table S1, we selected the MP2/AVDZ level of theory for MD and
DMD simulations. In the following discussion, both the harmonic frequencies and the MD/DMD-
derived frequencies are assumed to be at this level of theory. Figure 2 shows the IR spectra for

[C204H]™ and [C204D] calculated using the direct MD simulations.
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Table 1. Potential energy barrier heights (in kcal/mol) and the corresponding ZPE corrected values
for the proton and deuteron (values in parentheses) transfer processes calculated at various levels
of theory.

Level of Theory Ets -Emin ZPE-corrected
B3LYP/6-31+G(d,p) 2.8 0.6 (1.4)
B3LYP/6-311++G(d,p) 3.5 1.2 (2.0
MP2/AVDZ 29 0.7 (1.4)
MP2/AVTZ 24 0.2 (0.9)
CCSD/AVDZ 4.7 233.1)
CCSD/AVTZ 4.2 1.8 (2.6)
CCSD(T)/AVDZ 4.0 1.6 (2.4)
CCSD(T)/AVTZ 3.4 1.1 (1.8)

12
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Figure 2. IR spectra of [C204H]™ and [C204D]" calculated using the direct NVE MD MP2/AVDZ
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Table 2. [C;O4H]™ Vibrational Frequencies (in cm™), Cs symmetry.

Frequency NMA MD-300 K  DMD MMPT-V3*  MMPT-MD* Exp.}
MP2/AVDZ  MP2/AVDZ MP2/AVDZ
vi(A”) 3107 2800-3400 3000 2835 2860 2600-3400
v2(A”) 1779 1760 1750 1706 1765 1770-1820
vi(A”) 1703 1685 1675 1650 1715 1675-1700
v4(A”) 1441 1415 1400 1385 1410 1380-1430
vs(A”) 1317 1305 1300 1282 1335 1250-1330
Vs (A”) 1120 1095 1100 1057 1095 1090
v7(A”) 981 930 950 929 920 940
vg (A”) 840 840 840 850 850
Vo (A”) 823 805 825 697 697
vio(A”) 688 685 675 590 590
vii (A) 567 515 575 389
vi2(A”) 481 480 475 521
viz(A’) 433 420 425 542
vi4(A’) 300 295 300 285
vis(A”) 107 95 100 95
2vi3, Viatvi 866 805 825
viitvs 1548 weak 1505
2V4, VstVva, nV7HVe 3000
Table 3. [C204D] Vibrational Frequencies (in cm™!), Cs symmetry.
Frequency NMA MD-300K  DMD Exp.?
MP2/AVDZ  MP2/AVDZ  MP2/AVDZ
vi’ (A) 2271 2265 2175 1800-2200
v2' (A) 1764 1750 1750 1780
Vi’ (A) 1697 1680 1650 1600/1692/1728
s’ (A) 1214 1195 1200 1155/1217/1235
vs” (A”) 1330 1320 1300 1322/1339
Vs (A”) 1015 990 1000 985
v7’ (A”) 714 675 675
v’ (A7) 840 840 840
Vo' (A”) 820 800 800
vio’ (A”) 682 675 675
vii’ (A”) 563 575 575
vi2’ (A”) 481 480 475
viz’ (A”) 417 405 400
vis’ (A”) 294 285 300
vis'(A”) 106 100 100
vi3'+v2’, v +vsT, nvis vy’ 2175
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Vibrational predissociation spectra of [C204H]™-(H2)2 and [C204D]-(H2)2 were measured
and assigned by Wolke et al. using the extended Fermi approach.> The OH stretch band was
observed as a very broad and weak spectral feature in the range 2800 - 3400 cm!. The maximum
peak in the OH stretch region was determined to be at 2945 cm!. In the same experiment, the OD-
stretch spectral feature was less broad, 1800-2200 cm™! with the maximum occurring at 2100
cm'.3 The present MD simulations show a very weak and broad spectral feature near the OH
stretching fundamental with multiple distinct maxima at 3000, 3100, and 3150 c¢cm™. The
corresponding OD stretching spectral region shows one distinct peak at 2265 cm! (Figure S3 in
the Supporting Information). We then used these peak positions as guesses for DMD scans. The
DMD spectra were generated in terms of averaged absorbed energy (Eq. 3) as a function of
frequency (Figure 3). Importantly, the OH and OD stretch maximum peaks in the closely scanned
DMD spectra were determined to be at 3000 cm™ and 2175 cm’!, respectively, in a good agreement
with experiment®. The DMD spectra show a ~100 cm™! anharmonic red shift for the OH/OD bands
from their normal mode fundamentals (Figure 3).

Analysis of DMD trajectory driven at the OH-stretch frequency vi=3000 cm!
corresponding to the maximum in the DMD spectrum is shown in Figure 4. The trajectory does
not begin to absorb energy up to ~5 ps while executing only small atomic displacements. After 5
ps, energy begins to be absorbed rapidly. Such a time delay followed by a rapid absorption is an
important DMD signature that was observed in the driving of combination band frequencies of the
N4H* cation,?® and more recently in the driving of CH4 at an overtone frequency.*! Thus, it is
plausible to assume that the OH stretch near the fundamental frequency is mixed to some degree
with the nearby overtone 2v, at 2880 cm! and various other combination bands. The first PT event

occurs at approximately 5 ps in this DMD trajectory, shown as large R(H7-O3) atomic
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displacements from 1.0 to 2.2 A. Also, large R(O3-06) atomic displacements and HOC, OCO,
and CCO bond angle fluctuations indicate strong coupling of the OH-stretching and other
stretching and bending vibrational modes. The broad spectral feature near 3000 cm™ as described
by Wolke et al. using the VCI analysis® was characterized as OH stretch “bright state” interacting
with “doorway states” involving OH in-plane bending overtone and multiple combination bands
of in-plane acid C-O stretching and C=0O stretching, CO> asymmetric stretching and CO»
symmetric stretching, in-plane OH bending and CO; asymmetric stretching. In addition to these
combination bands, our DMD analysis revealed some large C-C stretching, OCO, and CCO
bending angle displacements as well (Figure 4 and Figure S4). Also, later in the DMD trajectory
(around 6 ps mark, see Figure S4 in the Supporting Information), the involvement of the out-of-
plane vibrations is seen. (See also a movie in the Supporting Information). We speculate that the
highly mixed OH stretch region near 3000 cm™ may include combination bands involving multiple
quanta of low frequency modes (nivi +n;jvj) in addition to those described by Wolke et. al.> Further
characterization of the broad spectral feature near the OH stretch region is the in-plane OH bending
overtone 2v4, and combination bands of lower stretching and bending modes vs +v2, nv7 +vs. The
evidence for such assignment can be found in Figure S4. There are large C1-O3-H7 bond angle
fluctuations related to the in-plane OH bending overtone 2v4 (Figure S4, panel B) The vs +v»
combination band can be deduced from the large C-O stretching fluctuations (Figure 4). Some
out-of-plane vibrations are involved due to large dihedral angle fluctuations (Figure S4, panel C).
The pure OH stretching vibration is not geometrically favorable for a PT on a non-colinear path,
unlike in the H3O,™ and HsO," systems. However, we propose that multiple combination bands

and an overtone interact with the OH stretching mode that facilitates the PT.
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Extensive DMD trajectory analysis provides further evidence of combination bands and
overtones in the vibrational spectrum of [C2O4H]™ at lower frequencies. The spectral feature near
825 cm’! (Figure S5 in the Supporting Information) is ascribed to overlap of the fundamental
mode, vo with either an overtone of two quanta 0of 425 cm™ (2v13), or a combination band consisting
of CO; rocking and CCO bending modes, via+vii. There is another fundamental frequency, vs at
840 cm™! corresponding to the out-of-plane C=C bond motion in hydrogen oxalate that is dark (see
IR intensities in the Table S3) and is therefore virtually non-absorbing in DMD. However, we
propose that this dark mode vs is coupled to the IR active 823 ¢cm™' vo mode both directly and
possibly also via Fermi resonances with the 2vi3 overtone and the 2vi4+v;; combination band that
show up as out-of-plane motions in the 825 cm™! DMD trajectory (Figure S5, panel C).

We have also characterized a very weak, previously unreported spectral feature in the
[C204H]™ spectrum near 1505 cm™ (Figure 3). Based on the DMD analysis, this spectral feature
is most likely a combination band of CCO bending and OH out-of-plane bending modes, vii+vs.
Namely, Figure S6 in the Supporting Information shows large C1-C2-O4 and C1-C2-O5 angle
displacements and large displacements for H7-O3-C1-0O4 dihedral angle. (See also a movie in the
Supporting Information). For this calculation, the DMD trajectory was run with a stronger electric

field of intensity 200 mV/bohr to induce sufficient energy absorption.
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Figure 5. [C204D]” DMD trajectory driven at OD-stretching frequency vi'=2175 cm™!. Average
absorbed energy is in cm™!, interatomic distances are in A. The D7-O3 distance is shown in black
color, while D7...06 distance in red color. The blue line indicates the proton transfer event. The
intensity of the electric field was 130 mV/bohr.

Deuteration of the oxalate ion leads to a qualitatively different assignment for the OD-
stretching region. Similar to the 3000 cm™! peak for OH, the broad spectral feature near 2200 cm'!
was ascribed by Wolke et al.? to the OD stretching “bright state” mixing with “doorway states”
consisting of in-plane C=0 acid stretching, OD out-plane bending, OD in-plane bending, and in-
plane acid C-O stretching. Our DMD trajectory analysis (Figure 5) taken at the DMD peak
maximum, vi’=2175 cm! shows large atomic displacements for in-plane acid C=0 stretching, OD
in-plane bending modes, OD in-plane bending, and in-plane acid C-O stretching. Also, the C-C

stretch, CCO, OCO bending, and O-C-C-O dihedral angles displacements are large, indicating the
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involvement of other low-frequency modes as predicted by Wolke et al.’> The absorption energy
profile shows a time delay up to 5 ps. The amount of energy absorbed at the OD-stretching
frequency is much smaller compared to the OH-stretching frequency and the first PT event occurs
later in [C204D]~ (Figure 5) compared to [C2O4H]™ (Figure 4). This is possibly due to the different
vibrational coupling along the PT path, as well as the formal 1/m dependence of the absorbed
energy on the oscillator mass at a resonance.*! Deuteron transfer is clearly seen starting at ~6 ps
when sufficient energy has been absorbed. However, based on an extended DMD trajectory
analysis shown in Figure S7 and a simple sum of the fundamental harmonic frequencies seen in
the Table 3, we propose an alternative assignment to the broad spectral feature at 2175 cm™ as the
OD stretching mode appears strongly coupled with the bands involving multiple combinations,
vi3’+v2’, v7’+vs’, and nvis’+vy’. The combination band vi3’+v2’ assignment arises from the
substantial involvement of the CC stretching coordinate and an appreciable acid C=0O stretching
coordinate fluctuations seen commencing at 4 ps, well before the first PT event occurs (marked by
the blue line at around 6.4 ps in Figure 5). The involvement of the out-of-plane C-O-D angle and
D7-03-C1-C2 dihedral angle fluctuations together with the C-O stretching coordinate fluctuations
may be a sign of the v7” + vs’ combination band. Also, extensive dihedral angle fluctuations for
the C-C bond rotation imply contribution of the nvis’+v,’combination band.
ITI.C Dynamical Features of PT

The O-H---O configuration is not geometrically favorable for the proton to move directly to the
other oxygen atom on a colinear path (Figure 1). As seen in the above discussion of the spectra,
low-frequency deformation modes are expected to play a crucial role in facilitating the PT motion.
In particular, the CO; bending, CCO bending, and CC stretching modes contribute to the

substantial shortening of the O---O separation distance that can facilitate PT, bringing H/D over
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the top of the barrier. To investigate the efficiency of the molecular vibration promoting PT, we
compared times at which the first PT event occurred in [C2O4H]™ and [C204D]™. Note, the times at
which PT occurs depend on the strength of the electric field and here we use the same field strength
of 130 mV/bohr to compare involvement of vibrational mode in PT event. Table 4 and movies in
the Supporting Information show resonant frequencies at which the PT was seen. The DMD
trajectories driven at low frequencies 300 cm!, 425 cm™!, and 825 ¢cm™ all resulted in PT motion
that was activated significantly sooner, after ~1-3 ps, compared to the OH stretching mode at 3000
cm’! (Figure 6). We also note that PT is further delayed upon deuterium substitution for some
modes (Table 4).

As a brief side note, we illustrate the key DMD mechanism by which the molecule absorbs
energy from the electric field and, consequently, allows us to identify resonances. In the present
simulations of IR activity, the electric field is coupled to the dipole moment, and thus an
examination of the molecular dipole is pertinent. The driving forces were calculated as the negative
first derivatives of the dipole moment projected onto the field vector, as seen in Eq. 2b, with
respect to the Cartesian coordinates for each atom. Figure 7 shows the driving forces acting on H
atom for representative frequencies that involve PT motion. For a non-absorbing frequency used
here as a calibrator of dipole activity (2600 cm™), the driving forces are virtually constant along
the trajectory. The driving forces for the 3000 cm™ DMD trajectory, the OH fundamental
frequency, show the largest oscillations for the H atom moving along the direction of PT (X, ¥
components). The weakly absorbing out-of-plane COH bending vibration at 950 cm™!' shows rather
small oscillations in the H" driving force along the trajectory. The COH in-plane bending
frequency at 1400 cm™! represents the strong IR spectral feature (Figure 3) and driving force

oscillations are large, particularly at the early stages of the trajectory. In addition to the IR activity
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inducing fast oscillations, one may also notice a slowly changing component in the driving force.

That component is due to the rotation (re-alignment) of the molecule, a much slower process than

vibration, in response to the coupling of the dipole moment with the field vector.
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Figure 6. DMD trajectories analysis for visualization of the PT event in [C2O4H]™ (in red) and
[C204D] (in blue). CO, in-plane rocking (vi4/vis’) CC stretching (vi3/vis’), CO, symmetric
bending (vy /v¢’), and OH/OD stretching (v,/v,’) vibrations are shown on panels A, B, C, D,

respectively.

Table 4. Time of the first PT event seen in the DMD simulations propagated at the DMD identified
resonant frequencies.

Freq [C204H]™ Time /ps Freq [C204D]" Time /ps

Vi(A’) 3000 5.0 vi’ (A”) 2175 6.4
V2 (A’) 1750 3.6 v2’ (A”) 1750 8.5
v3(A’) 1675 1.1 V3’ (A”) 1650 2.6
v4(A’) 1400 1.4 va’ (A”) 1200 1.1
Vs (A’) 1300 6.4 Vs’ (A”) 1300 7.1
Ve (A”) 1100 1.4 Ve (A”) 1000 -

v7(A’) 950 - v7' (A”) 675 7.7
Vo (A’) 825 29 Vo’ (A”) 800 3.0
viz (A’) 425 1.8 viz” (A”) 400 4.8
vi4(A’) 300 1.2 via’ (A”) 300 1.1
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Figure 7. The driving force (Debye/A) on the hydrogen atom along X, Y, (in plane) and Z (out of
plane) for a non-absorbing frequency at 2600 cm™! and for active frequencies involving H* motion:
OH-stretching at 3000 cm!, COH in-plane bending at 1400 cm!, and out-of-plane COH bending
at 950 cm!.

4. CONCLUSION

We have described first principles molecular dynamics and dipole driven molecular dynamics
simulations of IR spectra of hydrogen oxalate anion at the MP2/aug-cc-pVDZ level of theory. In
addition, we have examined the role of vibrational coupling between the OH stretching bands and
several low-frequency bending and stretching fundamental modes. Analysis of the resonant

electric field driven trajectories revealed several important findings:
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1) Lower frequency modes and combination bands, qualified as “doorway” states, cause proton
transfer more efficiently compared to 3000 cm™!' representing OH fundamental frequency as
demonstrated by the analysis of the DMD trajectories propagated with same electric field strength
of 130 mV/bohr. CO, bending, CCO bending, and CC stretching vibrations adjust O-H---O
configuration favoring proton transfer at appreciably shorter times (after 1-3 ps of electric field
exposure) compared to OH-stretching mode (after 5 ps of electric field exposure). In the [C204H]~
spectrum, a very weak, previously unreported spectral feature near 1505 cm™! was identified as a
combination band of the CCO bending and OH out-of-plane bending modes;
i) Deuteration of the oxalate anion generally requires longer electric field exposure times to reach
the H/D transfer transition state revealing a substantial KIE in this system, consistent with
experiment.!? However, as tunneling is expected to play a much greater role in the deuterated
species,!! the KIE is likely to be overestimated in the present classical DMD calculations;

ii1)) The double harmonic approximation while giving a good representation of IR spectra and
providing a useful reference picture for mode coupling, is not suitable for describing proton
transfer in oxalate anion, and possibly other non-colinear shared proton systems;

iv) Finally, we note that DMD is useful for assigning vibrational spectra over a wide range of
frequencies, including the low-frequency regime as we demonstrated here. Given that DMD does
not rely on a particular reference configuration (minimum, transition state, etc.) and can employ
any coordinate system for making assignment, such as internal redundant coordinates, it can be
used at least qualitatively, as a “measuring tool” of reaction rates involving large amplitude and
floppy motions in shared hydrogen systems. Further calculations in this area are necessary to better

establish this potentially highly valuable facility of DMD.
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This document contains the XYZ coordinates, structural parameters, dipole moments, dipole
derivatives, and harmonic vibrational frequencies of [C2O4H]™and [C204D] at the various levels
of theory used in this work, MP2, CCSD(T) with aug-cc-pVDZ (AVDZ) and aug-cc-pVTZ
(AVTZ) basis sets, and previous study B3LYP/6-311++G(d,p)' (Tables S1 - S4). Normal mode
vectors of hydrogen (deuterium) oxalate anion and mode assignment are shown in Figure S1 and
Figure S2. We also report the XYZ coordinates, structural parameters, dipole moments, and
harmonic vibrational frequencies of a transition state for the proton transfer (Tables S5 - S7).
The main text shows the IR spectra and DMD spectra of [C204H]™ and [C204D]™ in the full range.
Here we display the OH/OD stretching region (Figure S3). DMD trajectories are visualized as
time dependence of interatomic distances, bond angles, and dihedral angles collected along the
trajectory (Figures S4 - S7). Also, we generated movies by the VMD software? using the
coordinates obtained from the DMD trajectories driven at frequencies 300, 425, 825, 1505, and
3000 cm! for hydrogen oxalate anion and DMD trajectories driven at frequency 2175 ecm™! for its

deuterium analogue.
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Table S1. [C,O4H]™ interatomic distances (in A), dipole moments,* u (in atomic units), and
dipole derivatives for hydrogen atom only (atomic units). The atom labeling of the global
minimum (C, symmetry) is shown in the main text, Figure 1.

Method/ B3LYP/ MP2/ MP2/ CCSD(T)/ | CCSD(TY
Basisset | 6311++G(dp)| AVDZ AVTZ AVDZ AVTZ
C1-C2 1.594 1.578 1.574 1.586 1.581
C1-03 1.351 1.361 1.348 1.365 1.350
C1-04 1.206 1.223 1.213 1.221 1.210
C2-05 1.230 1.248 1.236 1.246 1.235
C2-06 1.270 1.288 1.277 1.285 1.274
03-H7 1.000 1.009 1.009 1.002 1.000
06-H7 1.713 1.677 1.647 1.739 1.687
C1-C2-05 118.4 118.7 118.8 118.4 118.4
C1-C2-06 110.6 110.8 110.5 110.8 110.7
C1-03-H7 99.7 97.7 97.4 98.7 98.5
C2-C1-03 109.4 109.4 109.1 109.7 109.4
C2-C1-04 127.8 127.8 127.7 127.8 127.7
C2-06-H7 88.9 88.0 88.2 88.2 88.3
03-H7-06 131.5 134.1 134.8 132.6 133.1
b 0.7120 0.6582 0.6572 0.6653 0.6700
1y 0.7279 0.7089 0.6803 0.7448 0.7205
s 0.0000 0.0000 0.0000 0.0000 0.0000
I 1.0182 0.9673 0.9458 0.9987 0.9839
dp/dx 0.4781 0.4956 0.5114 0.4615 0.4580
dp/dys 0.1529 0.1527 0.1498 0.1591 0.1609
du/dza 0.1616 0.1340 0.1328 0.1365 0.1374

®The center of mass molecular orientation was used to calculate the dipole moments.



Table S2. XYZ coordinates (A) for the hydrogen oxalate [C204H]~ global minimum structure,
(Cs symmetry) optimized with CCSD(T)/AVTZ. The minimum energy is -377.320032 Hartree,

and the corresponding zero-point corrected values is -377.283766 Hartree.

Atom X Y Z
C 0.7142833363 -0.2422174428 0.0000000000
C -0.8663237638 -0.2225765718 0.0000000000
0) 1.1785385887 1.0258883026 0.0000000000
0] 1.4416486828 -1.2094033883 0.0000000000
0) -1.4672304566 -1.3009910623 0.0000000000
0) -1.3011647637 0.9747545528 0.0000000000
H 0.3002483763 1.5045446097 0.0000000000
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Table S3. [C,0sH]~ harmonic vibrational frequencies (in cm™!), IR intensities in parentheses (in

km/mol).

Method/ B3LYP/ MP2/ MP2/ CCSD(T) | CCSD(T)/
Basis set | 6-311++G(d,p) | AVDZ AVTZ AVDZ AVTZ
o1 (A”) 3201 (400) | 3107 (417) | 3067 (451) | 3221 (362) | 3202 (392)
@2 (A”) 1816 (503) | 1779 (466) | 1799 (511) | 1792 (416) | 1817 (456)
@3 (A”) 1731 (318) | 1703 (207) | 1727 (197) | 1696 (264) | 1727 (263)
w4 (A”) 1441 (586) | 1441 (603) | 1449 (617) | 1447 (588) | 1456 (594)
ws (A”) 1318 (176) | 1317 (151) | 1329(153) | 1318 (168) | 1335 (169)
w6 (A”) 1117 (49) 1120 (33) | 1135(25) | 1120 (40) | 1140 (32)
@7 (A”) 935 (85) 981 (60) | 1005(59) | 947(62) | 969 (62)
ws (A”) 837 (0.08) | 840(0.01) | 851(0.01) | 836(0.02) | 849 (0.1)
@9 (A”) 820 (53) 823 (41) | 830(41) | 819(42) | 829 (43)
w10 (A”) 704 (25) 688 (25) | 700(24) | 687(27) | 701(26)
w11 (A”) 563 (3) 567 (2) 572 (3) 558 (3) 566 (3)
w12 (A”) 482 (40) 481(31) 488 (30) | 481(34) | 489 (34)
w13 (A”) 419 (16) 433(24) | 434(27) | 432(19) | 435(21)
w14 (A”) 296 (19) 300 (19) | 299 (21) | 301(17) | 301(18)
w15 (A”) 102 (0.6) 107 (0.4) | 110(0.4) | 102(0.5 | 104(0.5)
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Figure S1. MP2/AVDZ normal mode vectors of hydrogen oxalate and the mode assignment
visualized by the Gaussview program.
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Table S4. [C,04D]~ harmonic vibrational frequencies (in cm™), IR intensities in parentheses (in

km/mol).

Method/ B3LYP MP2 MP2 CCSD(T) | CCSD(T)
Basis set | 6-311++G(d,p) AVDZ AVTZ AVDZ AVTZ
o (A)) | 2339 (211) 2271 (219) | 2243 (232) | 2352 (194) | 2340 (207)
@2 (A") 1804 (517) 1764 (490) | 1785 (537) | 1776 (433) | 1802 (473)
®3° (A") 1726 (441) 1697 (329) | 1719 (320) | 1690 (393) | 1721 (388)
®4° (A”) 1220 (333) 1214(277) | 1233 (273) | 1213 (282) | 1236 (281)
ws* (A") 1324 (200) 1330 (206) | 1340 (203) | 1330 (227) | 1347 (221)
we* (A") 1014 (9) 1015 (17) 1022 (22) | 1018 (11) | 1026 (16)
w7 (A7) 695 (23) 714 (35) 731 (35) | 690(38) | 706 (38)
ws* (A7) 837 (0) 840 (0.2) 851(0.2) | 836(0.05) | 850 (0.09)
@o° (A") 817 (60) 820 (46) 827 (48) | 816(47) | 826(48)
wio¢ (A”) 682 (50) 682 (24) 693(22) | 680(25) | 693 (24)
w11 (A%) 558 (3) 563 (2) 568 (2) 554 (3) 561 (3)
w12 (A7) 482 (37) 481 (29) 486 (29) | 480(32) | 488 (31)
o3¢ (A”) 404 (14) 417 21) 418(24) | 417(17) | 419 (19)
w14° (A”) 289 (22) 294 (22) 292(25) | 295(19) | 294 (21)
w15 (A”) 102 (0.6) 106 (0.4) 109 (0.4) | 101(0.5) | 103(0.5)
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Figure S2. MP2/AVDZ normal mode vectors of deuterium oxalate and the mode assignment
visualized by the Gaussview program.
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Table S5. [C2OsH]" transition state interatomic distances (in A) (Cay symmetry), dipole

moments®, p (atomic units). The atom labeling is shown in the main text, Figure 1.

Method/ B3LYP/ MP2/ MP2/ CCSD(T)/ | CCSD(T)/
Basis set | 6-311++G(d,p) AVDZ AVTZ AVDZ AVTZ
C1-C2 1.593 1.578 1.575 1.586 1.581
C1-03 1.306 1.322 1.310 1.322 1.309
C1-04 1.217 1.234 1.223 1.232 1.221
C2-05 1.217 1.234 1.223 1.232 1.221
C2-06 1.306 1.322 1.310 1.322 1.309
03-H7 1.225 1.230 1.222 1.229 1.221
06-H7 1.225 1.230 1.222 1.229 1.221
CI1-C2-05 125.1 125.0 124.9 125.0 125.0
C1-C2-06 106.3 106.9 106.8 106.6 106.6
C1-03-H7 92.0 90.8 90.8 91.1 91.2
C2-C1-03 106.3 106.9 106.8 106.6 106.6
C2-C1-04 125.1 125.0 124.9 125.0 125.0
C2-06-H7 92.0 9190.8 90.8 91.1 91.2
03-H7-06 143.4 144.7 144.9 144.5 144.6
|l 0.6013 0.5604 0.5655 0.5564 0.5655

®The center of mass molecular orientation was used to calculate the dipole moments.
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Table S6. XYZ coordinates (A) for the hydrogen oxalate [C2O4H]" transition state geometry (Cay
symmetry) optimized with CCSD(T)/AVTZ. The energy is -377.314691 Hartree, and the
corresponding zero-point corrected values is -377.282075 Hartree.

Atom X Y Z
C 0.7516265673 -0.2184981571 0.0000000000
C -0.8294068820 -0.2402467807 0.0000000000
0] 1.1065757928 1.0418390152 0.0000000000
O 1.4649187290 -1.2093774221 0.0000000000
0] -1.5151736394 -1.2503685317 0.0000000000
0] -1.2188859328 1.0098514363 0.0000000000
H -0.0612546350 1.3968004400 0.0000000000
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Table S7. harmonic vibrational frequencies (in cm™) of [C,O4H]" transition state

(Cov symmetry).

Method/ B3LYP/ MP2/ MP2/ CCSD(T)/ | CCSD(T)/
Basis set | 6-311++G(d,p) | AVDZ AVTZ AVDZ AVTZ
o1 (B2) -1115 -1087 -994 -1226 -1143
02 (A2) 143 142 143 140 142
03 (A1) 329 334 335 333 334
04(B1) 488 486 492 485 493
s (B2) 605 602 606 596 603
06 (A1) 702 701 711 703 715
o7(B2) 757 738 754 733 751
s (A2) 839 843 853 840 853
09 (A1) 862 853 864 851 866
10 (B2) 1262 1273 1291 1266 1298
11 (B1) 1297 1280 1302 1284 1300
012 (A1) 1299 1310 1321 1305 1323
013 (A1) 1745 1715 1739 1719 1749
014 (B2) 1797 1757 1783 1759 1791
15 (A1) 2076 2057 2081 2074 2101
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Figure S3. Infrared spectra of [C2O4H]™ and [C204D]~ in the OH/OD stretching region obtained
from direct MD-MP2/AVDZ simulations at 300 K. The harmonic frequencies are shown as red
sticks. The full range MD spectrum can be found in the main text, Figure 2.
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Figure S4. [C2;04H]" DMD trajectory driven at OH-stretching frequency vi=3000 cm™!. Average
absorbed energy is in cm™', interatomic distances are in A (bottom panel, A). The H7-O3 distance
is shown in black color, while H7...06 distance in red color. Bond angles (middle panel, B), and
dihedral angles (top panel, C) are in degrees. The blue line indicates the first proton transfer
event. The intensity of the electric field was 130 mV/bohr. The atom labeling is shown in the
main text, Figure 1.
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is shown in black color, while H7...06 distance in red color. Bond angles (middle panel, B), and
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Figure S7. [C,04D]” DMD trajectory driven at OD-stretching frequency vi =2175 cm™!. Average
absorbed energy is in cm™', interatomic distances are in A (bottom panel, A). The D7-O3 distance
is shown in black color, while D7...06 distance in red color. Bond angles (middle panel, B), and
dihedral angles (top panel, C) are in degrees. The intensity of the electric field was 130 mV/bohr.
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