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Abstract

Hydrogen-atom transfer is crucial in a myriad of chemical and biological processes,
yet the accurate and efficient description of hydrogen-atom transfer reactions and ki-
netic isotope effects remains challenging due to significant quantum effects on hy-
drogenic motion, especially tunneling and zero-point energy. In this paper, we com-
bine transition state theory (TST) with the recently developed constrained nuclear-
electronic orbital (CNEO) theory to propose a new transition state theory denoted
CNEO-TST. We use CNEO-TST with CNEO density functional theory (CNEO-DFT)
to predict reaction rate constants for two prototypical gas-phase hydrogen-atom trans-
fer reactions and their deuterated isotopologic reactions. The CNEO-TST is similar
to conventional TST except that it employs constrained minimized energy surfaces to

include zero-point energy and shallow tunneling effects in the effective potential. We
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find that the new theory predicts reaction rates quite accurately at room temperature.
The effective potential surface must be generated by CNEO theory rather than by or-
dinary electronic structure theory, but because of the favorable computational scaling
of CNEO-DFT, the cost will remain economical even for large systems. Our results
show that dynamics calculations with this approach achieve accuracy comparable to
variational TST with a semiclassical multidimensional tunneling transmission coeffi-
cient at and above room temperature. Therefore, CNEO-TST can be a useful tool
for rate prediction, even for reactions involving highly quantal motion, such as many
chemical and biochemical reactions involving transfers of hydrogen atoms, protons, or

hydride ions.

Introduction

Hydrogen-atom transfer (HAT) reactions involve the transfer of a hydrogen atom from one
species to another, and they play a crucial role in many chemical and biological processes,
including organic reactions and catalysis, ~ ~ drug development, " and sustainable energy
solutions.

Theoretical predictions of the reaction rates of HAT reactions are challenging. A popular
approach is transition state theory (TST).'""” Keys to the success of TST are variational de-
termination of the transition state, accurate estimation of the free energy difference between
the reactants and the transition state, and a reliable tunneling transmission coefficient. TST,
in conventional or variational form, has been employed for qualitative, semi-quantitative,
and sometimes quantitative predictions of many chemical and biological reactions in both
the gas phase” " and the condensed phase.” ™ However, the treatment of quantum me-
chanical zero-point energy (ZPE) and tunneling can make the attainment of accurate results
more arduous for HAT reactions than for reactions that do not have large hydrogenic motion
in the reaction coordinate.

A variety of methods have been developed to incorporate nuclear quantum effects into
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reaction rate constant calculations. These methods include quantum scattering theory
quantum wave packet dynamics, " quasiclassical trajectory methods,” " path-integral
based reactive-flux methods,”" " instanton theory,”"»”" quantum transition state theory, "
and variational transition state theory (VI'ST)"" " with semiclassical multidimensional tun-
neling (MT) transmission coefficients. **"*"* While these methods differ in terms of accuracy,
efficiency, and scope of applicability, we will compare the new method presented in this arti-
cle to CVT/SCT,”” where CVT denotes the canonical variational theory form of VTST, and
SCT denotes the small-curvature tunneling form of multidimensional tunneling, because this
combination is a well-validated and widely applied method for practical calculations. "~
In general, one distinguishes two kinds of TST, conventional TST (CTST) and VTST. Both
forms of TST are dynamical theories that calculate the equilibrium flux through a dividing
surface (the transition state) that separates reactants from products. The transition state —
being a hypersurface — is missing one degree of freedom. In CTST, the transition structure
passes through the saddle point between reactants and products and is missing the saddle
point’s imaginary-frequency normal mode.'” In CVT, one defines a reaction path and a
generalized free energy of activation as a function of location along the reaction path (the
generalized free energy of activation is the free energy of activation calculated at any point
on a reaction path, not just at a transition state), and the transition state is taken to pass
through the reaction path at the point of maximum generalized free energy of activation and
to be missing the degree of freedom correspond to the reaction path. The reaction coordinate
was originally defined in Cartesian coordinates,’” but in most current work and the present
work is taken as a curvilinear coordinate. " A key consequence of the TST rate being an
equilibrium flux is that it can be calculated from partition functions (PFs).

In the present article we make another distinction, namely the effective potential used in
the PFs. In CTST and CVT, the potential energy surface is the usual Born-Oppenheimer
potential energy surface.’’ Here we define a new kind of TST, denoted CNEO-TST, which

takes the effective potential energy surface to be the surface that is obtained by using nuclear-
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electronic orbital (“NEO”) theory ™ with a constraint " (“C”) imposed on the expectation
value of the quantum nuclear position. NEO treats not only the electrons but also key nuclei
(here taken as the hydrogenic nuclei) quantum mechanically, ™" and CNEO constrains
the expectation values of the quantal nuclei in order to obtain a coordinate-dependent energy
that can serve as an effective potential energy surface. """ The resulting effective potential
energy surface is denoted as the constrained minimized energy surface (CMES)""" or as
the CNEO effective potential energy surface ™~ and is interpreted as an addition of the
quantum delocalization effect, which includes the ZPE, to the Born-Oppenheimer potential
energy surface.

Direct dynamics, which is “the calculation of rates or other dynamical observables directly
from electronic structure information, without the intermediacy of fitting the electronic en-
ergies in the form of a potential energy function,” "" is the most convenient method for rate
constant calculations. High-level electronic structure methods such as coupled cluster the-
ory”’ with high-order excitations and an extended basis set can often give accurate potential
energy surfaces (PESs), but their use for direct dynamics is usually prohibitively expensive.
Density functional theory (DFT) is much more affordable and is the preferred method for
direct dynamics on all but the smallest systems, especially since the development of mod-
ern functionals that predict relatively accurate reaction barrier heights for many cases.

The applications presented in this paper use Kohn-Sham density functional theory™ for

CVT/SCT and CNEO density functional theory " (CNEO-DFT) for CNEO-TST.

Theory

We consider bimolecular reactions. The modifications to consider unimolecular reactions can

be made similarly to the case of CTST.
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Conventional transition state theory (CTST)

In CTST, a bimolecular chemical reaction rate constant k™7 as a function of temperature

T is calculated from the standard-state Gibbs free energy of activation AGi’&(T ):
ksT AGH(T)
kCTST — B KO T _ act 1
BLRNT)exp [~ (1)
where kg is the Boltzmann constant, A is the Planck constant,
K = [(T)]™ = kgT/p° = kgT/(1bar), (2)

and AGH?

o is the difference between the standard-state Gibbs free energy of the transition

state and that of reactants. It can be calculated as

AGE

act

(3)

HU:—@Tm{ AOUT) L

ORI(T)PR2(T)
where ¥ is the PF per volume of the transition state (X = t), reactant 1 (X = R1), or
reactant 2 (X = R2). Notice that, throughout this whole article, we are taking the zero
of energy for all PFs as the potential energy at the equilibrium geometry of the infinitely
separated bimolecular reactants; thus, the barrier height is implicitly contained in ®*.

For reactants and transition structures that each have only a single significant conforma-
tion, the PFs in eq. 3 are assumed to be a product of a translational PF per unit volume

(Pyrans) and rotational (@), vibrational (Qyi,), and electronic (Qerec) PFs:

O = (I)trans(T)Qrot (T)Qvib(T)Qelec(T)v (4)

where the translational and rotational PF's are approximated classically, and the electronic
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part is calculated quantum mechanically from energy levels and electronic degeneracies:

EX elec + AEX elec
, ()

SR ( L

where the index j runs through all electronic levels with g; being the degeneracy for the j-th
level, E)g’dec is the equilibrium electronic energy of the ground electronic level of X, and
AE2X° ig the electronic excitation energy of level j. With our choice of the zero of energy,

ex,j

Egbelec and ER2€ are zero, and EL is the classical barrier height (often denoted as V*

).
The separable vibrational PF is calculated by quantum mechanical normal mode analysis,

which yields

S e[ 25 (o )]-Ii o

i n;=

where w;*

is the frequency for the i-th normal mode (excluding the imaginary frequency
associated with reaction-coordinate motion at the transition structure). The CTST and
CVT/SCT calculations use the harmonic formula of eq. 6 but with scaled harmonic frequen-
cies; " this is called the quasiharmonic approximation.

In cases where there is more than one important conformer due to torsional anharmonic-
ity, the separability of rotation and vibration is no longer assumed, and the multi-structural

torsional anharmonicity model with a coupled torsional potential is used to calculate coupled

conformational-rotational-vibrational PFs’"" (see Computational Details).

Canonical variational transition state theory with small curvature

tunneling (CVT/SCT)

CVT/SCT is an extension to CTST that variationally optimizes the transition state location

and includes multidimensional quantum effects on the reaction coordinate. """ Quantum
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effects on the reaction coordinate include both tunneling at energies below the effective bar-
rier top and nonclassical reflection at energies above it, but both effects are incorporated in
a factor that is simply called the tunneling transmission coefficient. CVT with a multidi-
mensional tunneling transmission coefficient that includes corner-cutting tunneling has been
shown to yield HAT reaction rates constants that agree well with accurate quantum dynamics
(which are practical only for the simplest reactions).””"" The success of CVT/MT depends
on several important factors: a highly accurate PES, good choice of reaction coordinate (the
reaction coordinate determines the dividing surface, since the latter is orthogonal to the
former), an accurate treatment of vibrational anharmonicity, and a reliable way to estimate
the tunneling contributions. In the present work, we use SCT as the choice of MT tunneling
method. When used with high-quality potential energy surfaces (PESs), CVT/SCT often
agrees well with experiment. """~

Equating the reaction rate to the equilibrium flux through the transition state is only
justified if the transition state is a dynamical bottleneck; otherwise, the rate constant is over-
estimated. Although the conventional transition state is located where the potential energy
is a maximum along the minimum-energy reaction path, the location along the reaction path
of the maximum in the free energy of activation may differ from the maximum of the poten-
tial energy. Because of the difference in these locations, free energies of activation obtained
from a transition state passing through the highest potential energy along the reaction path
will be lower than the true free energies of activation, and — if this were the only error — the

rate constant would be overestimated. In CVT, this is ameliorated by replacing eq. 1 by""

A CVTS,0 (T)

act

kgT

kgT
VT = 222 KO(T) exp

> , @

where AGSY ™9 is the difference between the standard-state Gibbs free energy of the canon-

ical variational transition state (CVTS) and that of reactants. In CVT, transition states

are located by a search procedure carried out to find the maximum of the generalized free
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energy of activation AGSC?O as a function of the reaction coordinate s. We define s as the

arc length along the curved minimum energy path (MEP) through isoinertial coordinates,

which are coordinates mass-scaled to have the same mass p in all directions, as explained

elsewhere — see eq. 2.4.8 in Ref. 19, and note that here we take y = lamu. This search
process requires the calculation of generalized normal modes ="~ along the MEP. At 0K, we
have
GT, _ selec
AGSH o™ AVS(s) = EgC;T lec(s) 4+ 9T () — Rt — B2 (8)

and

where AV,S is the ground-state vibrationally adiabatic potential energy curve, Eg%T"ﬂeC

eT are respectively the potential energy and ZPE (excluding reaction-coordinate motion)

along the MEP, and ¢! and €82 are the ZPEs of the reactants. Note that Eg(iT’eleC is called
Vamep when calculated by ordinary electronic structure theory (as is done in CTST and
CVT/SCT), but eq. 8 uses a notation designed for comparison to CNEO-TST.

In CVT/SCT, we evaluate the rate constant by """

T
OVI/SCT — /f(T)—k]Z K°(T)exp

AGCVTS,O (T)

act

kgT

: (9)

where x is the temperature-dependent tunneling transmission coefficient calculated in the
SCT approximation. The effective barrier for tunneling in the SCT approximation is given

by eq. 8, and the effective mass for tunneling is a function of the curvature of the MEP.

Constrained nuclear-electronic orbital transition state theory (CNEO-

TST)

There are three differences of CNEO-TST from CTST. First, the Born-Oppenheimer poten-
tial energy surfaces'’ are replaced by the CNEO effective potential energy surfaces. """
This affects the potential along the reaction path, the vibrational frequencies (which are

calculated from CNEO Hessians™’), the rotational PFs (which are calculated using CNEO
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optimized geometries),”” and the electronic PFs (which are calculated using CNEO energies).

Second, the zero-point energy is removed from eq. 6 because it is effectively contained in
the CNEO potential energy surfaces (this involves dropping 1/2 and replacing exp(—hw;* /2kgT)
by unity in eq. 6). Removing the zero-point energy from eq. 6 prevents double counting be-
cause CNEO methods transform the classical potential energy along the reaction coordinate
to a zero-point-energy inclusive effective potential, allowing a classical treatment of dynamics
on the effective potential.

There is also a third difference, namely that in the present implementation, the frequen-
cies are not scaled. Anharmonicity corrections are not applied because the calculations do
not involve the harmonic approximation, and with a quantum delocalized nuclear picture,
the CNEO methods have been shown to have good accuracy for describing vibrational modes
involving hydrogenic motions.

In the CNEO-TST framework, the product of vibrational and electronic PFs becomes:

o nzhwl ECSNEO + AES(NEO_eleC
0GR < T3 e (-2 ) Soyeon (- ﬂ
0 J

kgT

T n,=

ECNEO +AECNEO—elec

1
=11 > g |~ =) )
41— exp(—hw; /kpT) - kT

If electronic excited states need to be considered, AESNFO-clec will be slightly different

€eXx,]

from Born-Oppenheimer excitation energies AE® because the electronic excitation en-

ex,]

CNEO-elec
Eex,j

ergies A in principle include some electron-nuclear coupling effects. However, we
do not expect this difference to be significant because in almost all TST reaction rate calcu-
lations, populations in electronic excited states can be neglected except for small spin-orbit
splittings, which are usually taken from experiment.

CNEO vibrational frequencies are not scaled because they are often significantly more ac-
curate than the harmonic approximation for modes with strong hydrogenic character;” """~

this is an important advantage of CNEO-TST.

CNEO-TST includes shallow tunneling. By “shallow tunneling” we refer to tunneling in
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which the tunneling energy is only slightly below the top of the effective barrier. Shallow
tunneling can be understood in various ways, and one possible way is to make an analogy
to path-integral-based theories because the delocalization of proton density across a barrier
in CNEO is analogous to way that a Feynman-path-integral ring polymer ™ crosses a barrier
top by slightly stretching the polymer and locating beads on both sides of the barrier.
CNEO-TST does not include a tunneling transmission coefficient because shallow tunneling
is contained in the effective potential. The success of the method without a tunneling
transmission coefficient is a second important advantage of CNEO-TST when applied to

problems with shallow tunneling.

Constrained nuclear electronic orbital canonical variational transi-

tion state theory (CNEO-CVT)

In the CNEO framework, stationary geometries and reaction paths are obtained on temperature-
independent, ZPE-inclusive effective PESs. As such, searches can still be carried out at each
temperature to find the maximum generalized free energy of activation along the MEP, and
this is called CNEO-CVT. We will see below, for two reactions, that CNEO-CVT does not
offer a significant improvement over CNEO-TST. This can be a third important advantage

of CNEO-TST.

Results and discussion

D+H, — DH+H

We first investigate the simplest hydrogen transfer reaction D + Hy, —— DH + H, which
was one of the first reactions studied with CVT and a corner-cutting tunneling transmission
coefficient. " Figure 1 compares rate constants obtained by experiment ' " with those

calculated in the present work.
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Figure 1: D 4+ H, —— DH + H rate constants as functions of reciprocal temperature.
Experimental results are from Refs. -
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With CTST, the Minnesota functional MN15"" performs similarly to coupled cluster
theory with single and double excitations and quasiperturbative treatment of connected
triple excitations [CCSD(T)],""" and both underestimate the reaction rate constants, with
especially severe deviations at and below room temperature. The reason for these poor
results at low T is the omission of tunneling in CTST. This underestimation is even more
pronounced after the CV'T optimization of the transition state location is performed for both
CCSD(T) or MN15, which shows that optimization of the location of the transition state
has an important effect.

When tunneling effects are included via CVT/SCT, both CCSD(T) and MN15 give
significantly more accurate results. These results are consistent with many past studies
showing that CVT with a corner-cutting tunneling transmission coefficient can accurately
predict reaction rate constants for a variety of gas-phase reactions,””"”'"" exhibiting excel-
lent agreement with experiments. However, although MN15 has nearly the same potential
energy barrier height as CCSD(T) (9.84 kcal/mol for MN15/MG3S and 9.77 kcal/mol for
CCSD(T)/aug-cc-pVTZ), it is less accurate than CCSD(T) when dynamics is treated by
CVT/SCT. The reason is that, although MN15 predicts a similar PES to CCSD(T) along
the minimum-energy reaction path, as shown in Fig. 2, the approximately scaled frequencies
for those normal modes orthogonal to the reaction coordinate are slightly overestimated by
MN15, which leads to a higher ZPE for the transition state and thus higher free energy
barriers and lower reaction rate constants. This result shows that not only accurate po-
tential energy barriers but also reliable vibrational frequencies are critical for the accurate
prediction of reaction rate constants.

Because CNEO coupled cluster theory is yet to be developed, our CNEO results are
currently limited to DFT. Without variationally optimizing the transition state location,
CNEO-TST employing the CNEO-MN15 effective PES significantly outperforms CTST em-
ploying the MN15 Born-Oppenheimer PES. Overall, it yields highly accurate results near

and above room temperature (1000/7 < 3.4), although it begins to underestimate the rate
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constants at lower temperatures.

CNEO-CVT yields very similar results to CNEO-TST (Figure 1) for this reaction. This
can be rationalized from the finding that the CNEO-CVT-MN15 transition state is close
to the maximum of the CNEO-MN15 effective PES along the MEP, even at a temperature
as high as 500K (see Figure 2.) In contrast, there is a significant difference between the
transition state locations in CTST and CV'T, resulting in large differences in the predicted
rates. This contrast is found because CNEO-TST calculates the flux through a transition
state that has a maximum sum of the electronic energy and the nuclear zero-point energy.
CV'T also accounts for the effect of vibrationally excited states on the location of the vari-
ational transition state; however, this does not lead to a large effect on the location of the
variational transition state in the case under consideration. Therefore, the key issue at the
temperatures under consideration here is the accurate treatment of the vibrational ground
state. When the vibrational ground state is the dominantly populated state, the reason that
CVT locates the dynamical bottleneck away from the saddle point of the potential energy
surface is that — although the saddle point is the highest-potential-energy point along the
reaction path — the dynamical bottleneck is at the point on the reaction path where the
sum of the potential energy and the zero-point energy is a maximum. Since the effective
potential surface of CNEO is already a measure of the potential energy plus the zero-point
energy, the dynamical bottleneck can equally well be found by locating the point on the
reaction path with the highest value of the CNEO effective potential. As TST calculations
are simpler than CV'T, the good agreement of CNEO-TST and CNEO-CV'T, if also observed
for complex reactions, could be a significant computational advantage.

The good performance of CNEO-TST relative to CTST has two causes. (1) It is known
from previous work”" that the maximum of AV,S is often located close to the maximum
of the generalized free energy of activation, even at finite temperatures and even when the
maximum is not at s = 0. CNEQO inherently incorporates zero-point energies in its effective

PES; consequently, its effective PES along the reaction path aligns more closely with the
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Figure 2: Potential energies (VMEP | dotted lines), vibrationally adiabatic ground-state ener-
gies (AV,S, eq. 8, dashed lines), and generalized free energies of activation at 500 K (AGo1°,
solid lines) for D + Hy —— DH + H by different methods along respective MEPs. The origin
(s = 0amu'/?A, at which there is a vertical dotted line) of the reaction coordinate corre-
sponds to the saddle point in each theory. The locations of the highest points for all curves
are marked with circles. The VMEP and AV.¢ curves by CNEO-MN15 coincide because the
vibrational ZPE is already incorporated in the CNEO total energy.
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Born-Oppenheimer AV,® than with the Born-Oppenheimer PES, and therefore it is less
necessary to variationally optimize the transition state location with CNEO-TST than with
CTST. (2) In the vicinity of the transition structure geometry, CNEO predicts a slightly
more delocalized nuclear density, lowering the ZPE contribution to the effective potential
barrier. This may be interpreted as a manifestation of shallow tunneling effects.
CNEO-TST-MN15 is also noticeably more accurate than CVT/SCT-MN15 near room
temperature, apparently due to the already-discussed inaccuracy of the MN15 vibrational
ZPEs for the normal modes transverse to the reaction path. However, at temperatures below
250 K, the CNEO-TST method falls short of capturing the important deep tunneling effects,
which require an even more delocalized nuclear density distribution. As a result, CNEO-TST

underestimates the rate constant at the lowest temperatures.

H+D, — HD+ D

We next investigated isotopologic reaction H+ Dy —— HD + D, in which a deuterium atom
rather than a protium atom is transferred. The experimental """ and computational
results are presented in Figure 3. The performance of each method is very similar to the
hydrogen-atom-transfer case, except that since D has a weaker tunneling contribution, the
underestimation by the methods without tunneling transmission coefficients is less signifi-
cant. It is encouraging that results from CNEO-TST calculations agree well with experiment

and with CVT/SCT for both isotopologues.

CH4 +OH — CH3 -+ HQO

Next, we explore the more complex reaction CHy + OH —— CHj3 + H,O. Figure 4 presents
the computed and experimental rate constants. The latter are from the fit by Srinivasan et
al.,'’" which is k = 1.66 x 10718T7*182 exp(—1231 K/T) cm*molecule s~

For this reaction, we chose the M08-HX functional ™ with the MG3S basis set, " which

provides a potential energy barrier of 6.46 kcal/mol. This value is in good agreement with
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Figure 3: H + Dy —— HD + D rate constants as functions of reciprocal temperature.
Experimental results are from Refs. , and
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Figure 4: CH; + OH — CHj3 + H,O rate constants as functions of reciprocal temperature.
The electronic density functional is MO8-HX in all cases. The results labeled “standard”
were calculated with the standard vibrational scale factor (0.973), and those labeled “SRP”
were calculated with a specific reaction parameter for the vibrational scale factor.
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the reference barrier of 6.50kcal/mol (without spin-orbit coupling) from the HTBH38/08
data set, """ making it the most accurate among popular functionals (see data from Ref.

). Furthermore, the reaction barrier is close to that obtained from UCCSD(T)-F12a/aug-
cc-pVTZ calculations (6.29 kcal/mol).

With the standard scale factor 0.973,” CTST with M08-HX significantly underestimates
the reaction rate constants at and below room temperature. The CVT rate constant is even
lower. However, CVT/SCT leads to great improvement. These performances are similar
to those observed in the D + Hy, —— DH + H case. The underlying reason remains that
the CVT optimization decreases the predicted rate constants by identifying the highest free
energy barrier along the MEP, while the tunneling contribution increases the rate constants.
In this case, these two effects almost cancel each other such that CTST agrees reasonably
well with CVT/SCT. However, the CVT/SCT-M08-HX results with the standard scale fac-
tor are unsatisfactory. The issue lies again in the vibrational frequencies. Although M08-HX
accurately predicts the classical barrier height, its standard scale factor leads to an over-
estimated barrier on the vibrationally adiabatic ground-state potential energy curve. This
discrepancy is a known limitation of using standard scale factors at transition structures,
and it is perhaps not surprising since the standard scale factors were determined for stable
molecules that tend to have less anharmonicity than transition structures.

Following the procedure that has been used in several previous papers, '~~~ we used
hybrid degeneracy-corrected second-order simple perturbation theory'*'*> (HDCPT2) to
determine specific-reaction-parameterized (SRP) scale factors for each of the two possible
transition structure conformers of this specific reaction (see Computational Details) while
retaining standard scale factors for reactants. The resulting scale factors are smaller than
the standard scale factor and result in a lower barrier on the AV curve and thus higher
rate constants. As shown in Figure 4, the M08-HX CVT/SCT prediction is significantly
improved when the SRP scale factors are applied to the transition structure conformers.

With the same MO08-HX functional, the overall accuracy of CNEO-TST, which does not
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need scaling, is again notably better than that of CTST with the standard scale factor. The
good performance can be partially rationalized from the transition structure geometries. We
find that the geometry corresponding to the maximum potential on the CNEO effective po-
tential energy profile agrees better with geometry at the maximum of the Born-Oppenheimer
AVaG curve than with the geometry at the maximum of the Vygp curve. This is illustrated in
Figure 5, which shows that — other than the C---H distance — the CV'T optimization always
drives the conventional DFT geometry in the direction of the s = 0 CNEO geometry, that
is, the DF'T CVT optimized geometry always gets more similar to the CNEO transition
structure geometry.

The CNEO-TST rate constants have optimal accuracy near room temperature due to
the incorporation of ZPE and shallow tunneling effects. At lower temperatures, where deep
tunneling effects become more pronounced, CNEO-TST again starts to underestimate the
rate constants. At higher temperatures, the CNEO-TST curve exhibits a parallel behavior
to that of CVT/SCT with the SRP scale factor for the transition structure, albeit with an
overestimation by roughly a factor of two.

Several factors may contribute to the CNEO-TST overestimation. First, it is known that
TST without optimizing the transition state location may overestimate rate constants at
higher temperatures due to the neglect of recrossing effects.”” Second, the CMES employed
here corresponds to a quantum calculation only for the ground vibrational state, so the CNEO
effective PES is a low-temperature effective PES and, in an ideal scenario, a zero-temperature
effective PES if electron-nuclear correlation effects could be fully accounted for.” “""“" The
more approximate nature of the vibrational treatment for excited vibrational states may be
a cause of larger error at high temperature. Third, due to the DFT treatment, inevitable
errors may persist in both electronic and nuclear energies, which are concealed within the
total CNEO energy in all calculations. Evaluating the magnitudes of these errors requires
systematic benchmark work, and further investigations of these factors are beyond the scope

of the present paper.
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Figure 5: The C---O distance, the bond-forming O---H distance, the bond-breaking C---H
distance, and the C---H---O bond angle along the respective MEPs of the CVT and CNEO-
CVT calculations on the CHy + OH —— CH3 4+ H5O reaction. In each calculation, we use
dashed curves for the staggered conformer and solid curves for the eclipsed conformer. The
two dotted vertical lines at negative s denote the variationally optimized CVT geometries for
the two conformers at 300 K with conventional DF'T and SRP scale factors. The two dashed
vertical lines denote the variationally optimized CVT geometries obtained using CNEO-
DFT. It can be seen that CNEO-DFT produces CVT geometries that are very close to their
transition structures, and other than the C---H distance, the CV'T optimization always drives
the conventional DFT geometry in the direction of the s = 0 CNEO geometry, that is, the
DFT CVT optimized geometry always gets more similar to the CNEO transition structure
geometry.
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As a preliminary test of the neglect of electron-proton correlation, we have performed
calculations with the electron-proton correlation functional epcl17-2,"°" and the results are
also presented in Figure 4. With the epcl17-2 functional, CNEO-TST provides rate constants
similar to those without electron-proton correlation, although some of the details, such as the
quantitative accuracy of the zero-point energies, do change. =~ However, since the epcl7-2
functional is approximate, it would be premature to conclude that the neglect of electron-
proton correlation is not a possible source of error, and this remains an area for future

study.

CD,+ OH — CD3; + HDO

Finally, we performed calculations on the deuterium-atom-transfer reaction CD4 + OH —
CD3 4+ HDO; the experimental ~"»' " and calculated rate constants are presented in Figure 6.

Due to the larger nuclear mass and smaller tunneling effects in the deuterium case,
the CTST calculation with the standard scale factor performs slightly better than in the
protium case, although the rate constant is still underestimated. The CVT/SCT calculations
underestimate the rate. To explore the impact of SRP scale factors, we also conducted
HDCPT?2 calculations for the deuterated transition structures. However, the obtained SRP
scale factors for the transition structure conformers are much larger than those in the case
of CH,OH*, resulting in SRP-scale-factor CVT/SCT results similar to standard-scale-factor
CVT/SCT results. It is unclear why the SRP procedure is insufficient for good results in
this case. Curiously, if we apply the SRP scale factors of CH;OH* to CD,OH?*, the SRP
CVT/SCT rate constants agree much better with experimental results; this is presumably
due to cancellation of errors, but it does illustrate again the uncertainties that can be caused
by anharmonicity.

CNEO-TST, which does not use any scaling, exhibits roughly the same level of over-
estimation (about a factor of 2 to 3) as observed in the protium-atom-transfer reaction,

presumably with reasons analogous to the hydrogen-atom-transfer case. As with the pro-
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Figure 6: CD4+ OH —— CD3 + HDO rate constants as functions of reciprocal temperature.
The underlying electronic functionals are all MO8-HX. DFT results labeled with “standard”
indicate the use of the standard scale factor 0.973, while “SRP” indicates the use of specific-
reaction-parameterized scale factors from the HDCPT2 calculation of CD,OH*. The curve

labeled with “SRP (CH,OH* SRP)” utilizes the SRP scale factors obtained from the HD-
CPT?2 calculation of CH,OH* for the transition structure of CD4"OH reaction. Experimental
results are from Refs. 129 and 130.
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Figure 7: Same as Fig. 5 except for CD, + OH —— CD3 + HDO reaction.
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tium case, we again observe similarities in transition structure geometries between CNEO-
TST and conventional CVT/SCT (Figure 7), although at temperatures at and below room
temperature, CNEO-TST has better agreement than CVT/SCT with the experimental rate
constants.

For this more complex reaction, CNEO-CVT again yields very similar results to CNEO-
TST (Figure 6). The rationale behind this behavior is the same as already presented above.
Consequently, within the CNEO framework, good results are obtained without a tunneling
transmission coefficient and without optimizing the transition state location.

The kinetic isotope effect (KIE) for the CHy and CD, reactions with OH is presented in
Figure 8. The experimental curve is almost linear on the Arrhenius plot. " CTST with the
standard scale factor performs exceptionally well, yielding the most accurate KIE predic-
tions. The good agreement results from predicting similar underestimates for protium and
deuterium transfer. CVT/SCT with the standard scale factor has a more physically correct
picture but underestimates the KIE. With the SRP scale factor, the KIE is significantly
increased and becomes overestimated, and only with the SRP scale factor transferred from
CH4OH* to CD4OH* can the KIE be reasonably described. In contrast, without any scaling,
CNEO-TST gives a prediction that is reasonably close to the experimental results although
with a slight underestimation. This underestimation is because CNEO gives a slightly larger
error for deuterium, which is heavier and thus behaves more classically than hydrogen.

It is fortuitous that CTST with standard scale factors performs well on the KIE. As
seen from the rate constant results, CTST with standard scale factors underestimates the
rate constants for both CH; and CD,, and there are several sources of errors such as the
missing variational optimization of the transition state location, the omission of a tunneling
transmission coefficient, and the error in the zero-point energy due to using standard scale
factors. These errors happen to accumulate similarly enough for CH; and CD, that the
KIE is reasonably accurate. This error cancellation is not guaranteed to happen for all

systems, and ample previous work * " shows that we cannot rely on CTST for accurate
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Figure 8: Kinetic isotope effects between CH;TOH and CD,TOH. The underlying electronic
functionals are all MO8-HX. DFT results labeled with “standard” indicate the use of the
standard scale factor 0.973, while “SRP” indicates the use of specific-reaction-parameterized
scale factors from the HDCPT2 calculation of CD,OH*. The curve labeled with “SRP
(CH,OH* SRP)” utilizes the SRP scale factors obtained from the HDCPT2 calculation of
CH4OH? for the transition structure of CD,TOH reaction. Experimental results are from
Ref. 130.

25

https://doi.org/10.26434/chemrxiv-2024-9q0hj-v2 ORCID: https://orcid.org/0000-0001-8572-5155 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-9q0hj-v2
https://orcid.org/0000-0001-8572-5155
https://creativecommons.org/licenses/by/4.0/

predictions of KIEs. Although CNEO-TST may still face challenges in the low-temperature
deep tunneling regime, it has high promise as an inexpensive and black-box method for

applications to more complex chemical and biological systems at room temperature.

General discussion

The leading contributions to reaction kinetics from vibrational anharmonicity are of three
types: anharmonic ZPE due mainly to high-frequency modes, multiple-structure anhar-
monicity due to multiple conformers, and torsional potential anharmonicity. For polyatomic
reactions, the ZPE is large, and therefore a small change in the ZPE can have a large effect
on the predicted rate constants. For inclusion of anharmonic ZPE in CTST and CVT/SCT,
a practical method is harmonic analysis with reactant frequencies scaled by a factor opti-
mized against stable molecules’ and with scale factors for transition structures determined
by HDCPT2.""” Although HDCPT?2 can be problematic for large-amplitude vibrations, the
ZPE is dominated by high-frequency modes for which it should be acceptable. However, this
issue does not arise in the present CNEO-TST calculations because the ZPE is included via
the CNEO-DFT calculation, which does not make the harmonic approximation.

CVT requires one to choose a reaction path, and the MEP in isoinertial (i.e., mass-scaled)
coordinates ' is often sufficiently accurate for calculating over-barrier contributions to the
rates. However, care needs to be taken to ensure that the MEP is calculated over a long
enough path to include the variational transition state and that an accurate enough gen-
eralized normal mode analysis is made, which is complicated by the usual need to use a
curvilinear-coordinate '’ analysis. Furthermore, an accurate estimate of tunneling contri-
butions usually requires an even wider range of the reaction path. Thus, the computational
procedure of CVT/MT involves construction of a reaction path and generalized-normal-
mode” PFs over a range wide enough to include the variational transition state and the
portion of the barrier through which appreciable tunneling occurs. Moreover, to obtain ac-

curate results with highly anharmonic transition structures, one often needs to calculate SRP
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scale factors, '~ which adds further complexity to the process. In contrast, even without the
CVT optimization of the transition state location and without a semiclassical tunneling coef-
ficient, the new CNEO-TST method can accurately predict the HAT rate constants at room
temperature, although the results may be slightly worse at higher and lower temperatures.

This performance of CNEO-TST is especially striking when compared to CTST. Although
CNEO-TST may still face challenges in the low-temperature deep tunneling regime, it has
high promise as an inexpensive and black-box method for applications to more complex

chemical and biological systems at room temperature.

Table 1: Arrhenius activation energy FE, (in kcal/mol) of the CH4+OH reaction

DFT DFT DFT DFT CNEO CNEO
T (K) Expt. CTST CVT CVT/SCT CVT/SCT C’INS]?FO CCl\iETO epcl7-2 epcl7-2
standard standard standard SRP TST CVT

1000 6.8 8.2 8.5 8.3 7.5 7.3 7.1 7.0 6.8
850 6.1 7.5 7.9 7.5 6.7 6.6 6.4 6.3 6.1
700 5.5 6.7 7.3 6.5 6.0 5.8 5.7 5.5 5.5
550 4.8 6.0 6.7 6.1 5.2 5.1 5.0 4.8 4.8
450 4.4 5.5 6.3 5.6 4.6 4.7 4.7 4.4 4.4
400 4.2 5.3 6.2 5.3 4.3 4.5 4.4 4.2 4.2
350 4.0 5.2 6.1 5.0 4.0 4.3 4.3 4.1 4.1
300 3.7 5.0 5.9 4.6 3.6 4.2 4.1 3.9 3.9
275 3.6 5.0 5.9 4.4 3.4 4.1 4.1 3.9 3.9
250 3.5 4.9 5.8 4.1 3.1 4.1 4.0 3.8 3.8
225 3.4 4.9 5.8 3.8 2.8 4.1 4.0 3.8 3.8
200 3.3 4.9 5.8 3.4 2.3 4.0 4.0 3.8 3.8

Further insight into the shallow tunneling is provided by calculating the temperature-

dependent Arrhenius energy of activation E, for the CH4;+OH reaction by

E,=—Rdlnk/d(1/T), (11)

where R is the gas constant. Recall the Tolman interpretation of E,, namely that it equals
the average energy of reacting pairs of reagents minus the average energy of all pairs of

reagents. " The activation energies computed by various methods are given in Table 1,
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and we focus on two temperature ranges, from 450K to 275K, where we might see the
most sensitivity to shallow tunneling, and 275-200 K, where we might expect to see the
most sensitivity to deep tunneling. We also focus on comparing CVT, which is the best
calculation without tunneling, to CVT/SCT and CNEO-TST, which include tunneling. The
CVT E, drops 0.4kcal/mol in the first range and 0.1 kcal/mol in the second, whereas the
CVT/SCT E, drops 1.2kcal/mol in the first range and 1.0 kcal/mol in the second; the faster
drop in both temperature ranges when tunneling is included indicates significant shallow
tunneling and significant deep tunneling. The CNEO E, drops 0.6 kcal/mol in the first
region, which a greater drop than CVT, possibly indicating some nuclear quantum effects,
but only 0.1kcal/mol in the second range, the same as CVT, indicating little or no deep
tunneling. An alternative way to see the shallow tunneling is to compare the barrier in
CVT with the effective barrier in CNEO TST; we find 5.8 kcal/mol for the former and
4.0kcal/mol for the latter. This shows the effect of tunneling and is consistent with our
interpretation above, and it illustrates how proton delocalization can enhance Arrhenius
curvature at room temperature. If we consider the broader temperature range from 1000 K
to 275 K, the experimental E, drops by 3.2kcal/mol, and the CNEO one decreases by 2.9-
3.1kcal/mol, in excellent agreement with experiment.

The present paper is mainly concerned with showing the ability of the new method to
include quantum nuclear delocalization in dynamics. However, we also wish to stress the
strength for practical applications of combining CNEO-TST with DFT, which is known for
its balanced efficiency and accuracy. With a careful choice of density functionals, CNEO-TST
is highly promising for obtaining accurate rate constants for large and complicated systems

where DFT would be the only affordable structural method capable of high accuracy.
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Summary

In this study, we defined a new version of transition state theory by combining the con-
strained nuclear-electronic orbital framework with conventional transition state theory to
make CNEO-TST, and we applied the new theory to compute hydrogen-atom-transfer reac-
tion rate constants with direct incorporation of nuclear quantum effects. CNEO-TST differs
from conventional rate theory by using constrained minimized energy surfaces to include
ZPEs and shallow tunneling effects in the effective potential. By using constrained nuclear-
electronic orbital density functional theory to generate the surfaces, we showed that CNEO-
TST can give accurate hydrogen-transfer rate constants for two protium-transfer reactions
and two deuterium-transfer reactions at a very economical computational cost. CNEO-TST
gives results similar in quality to canonical variational theory with a small-curvature tunnel-
ing transmission coefficient. Particularly noteworthy in the present application to protium
and deuterium transfer is the good accuracy of CNEO-TST at room temperature, making it

a promising approach for future applications to complex chemical and biochemical reactions.

Computational Details

Electronic structure

The CCSD(T) calculations used the aug-cc-pVTZ'"” basis set. CCSD(T) gradients and
Hessian matrices were computed by numerical differentiation of energies. The CNEO-DFT
calculations used the same electronic density functional choices and electronic basis sets as
used for DFT. For DFT calculations, we used different functionals for different reactions
with the choice based on prior benchmark data. ' The MN15 functional ™ was used for D +
Hy — DH+ H and H + D; —— HD + D, and the M08-HX functional™ was used for
CH4; + OH — CH;3 + H50 and CD4 + OH —— CDs + HDO. The MG3S electronic basis

set " was employed for DFT calculations; this is equivalent to the 6-3114+G(2df,2p) basis
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set """ for the elements in the reactions considered here. SCF calculations and geometry
optimizations by Gaussian 16 were conducted with tight convergence criteria. The DFT
numerical integration grid had 175 radial shells per atom for H, 250 radial shells per atom
for C and O, and 974 angular points per shell with pruning.

The OH spin-orbit splitting (140 cm™') was included in the reactant electronic PF.

CNEO quantum mechanical treatment of H and D

In CNEO-DFT calculations, all hydrogen nuclei were treated quantum mechanically, and
PB4F1 basis functions' "’ were employed as nuclear basis functions, with no consideration
for electron-proton correlation'**'*" or proton-proton correlation (or, for the deuterated
cases, also no consideration of electron-deuteron, proton-deuteron, or deuteron-deuteron
correlation) for most of the calculations, and only the epcl7-2 electron-proton correlation
functional '”® is used in the CH,TOH reaction. For nuclear basis functions centered on a
deuteron, the exponents of the original PB4F'1 basis functions were multiplied by \/W .
Calculations in PySCF used an SCF energy convergence threshold of 107! a.u., an SCF gra-
dient convergence threshold of 10~7 a.u. and a geometry optimization gradient convergence

threshold of 1076 a.u.

Vibrational scale factors

No scaling is applied in any CNEO calculations. The scale factors for CTST and CVT/SCT
were obtained as follows.
For CVT/SCT calculations on the reactions D + Hy — DH +H and H+ Dy — HD +
D, we applied the standard scale factors of 0.987 for CCSD(T)/aug-cc-pVTZ,”’ and we
approximated the scale factor for MN15/MG3S by the MN15/aug-cc-pVTZ value " of 0.976.
A standard scale factor of 0.973" was applied to M08-HX/MG3S-calculated frequencies.
To obtain SRP scale factors, HCDPT2 calculations were conducted with Gaussian 16

to assess the anharmonic scale factor A™ for each transition structure conformer. This
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factor represents the ratio between the anharmonic ZPE and the harmonic ZPE; its prod-
uct with the standard harmonic scale factor AH = 0.984" for M08-HX/MG3S yields the
overall SRP scale factor. In HDCPT2 calculations, optimized geometries and second-order
derivatives were obtained by M08-HX/MG3S, while higher-order numerical derivatives were
from MPW1K """ /MG3S. This choice is driven by the sensitivity of numerical derivatives of
(hybrid-)meta-GGAs to DFT integration grids; hence, a (hybrid-)GGA is preferable for 3rd
and 4th derivatives in HDCPT2 calculations. '~ The calculated SRP scale factors are 0.952
for eclipsed CH,OH*, 0.939 for staggered CH,OH?*, 0.983 for eclipsed CD4OH*, and 0.964
for staggered CD,OH?.

Dynamics

The reaction path was computed in mass-scaled coordinates'” with a mass of 1 amu by em-
ploying the modified Page-Mclver integrator' """ (in which the Hessian matrix is updated
only every ninth step) and the reorientation of the dividing surface (RODS) algorithm.
The step size was set to 0.002 A. For generalized normal mode analyses along the reaction
path, redundant curvilinear internal coordinates were employed. '’ For SCT calculations, we
computed sufficiently long reaction paths to achieve convergence of the tunneling transmis-
sion coefficients.

In defining redundant internal coordinates, we treated the C—H—O angle as nonlinear,
even though it is close to 180 degrees (around 170 degrees).

Transition structures for CHy + OH — CH3 + H,O and CD4, + OH — CD3; + HDO
can have two possible conformers, namely eclipsed and staggered,”” °~ which are linked by
the methyl torsion. Past studies using Hartree-Fock, MP-SAC2, and CCSD(T)-F12a identi-
fied the staggered conformer as the sole transition structure conformer with one imaginary
frequency, "~ whereas MP2 calculations indicated the eclipsed conformer as the only tran-
sition structure conformer.”” However, in contrast to both of the above scenarios, M08-HX

and CNEO-MO08-HX predict that both the eclipsed and the staggered conformers are transi-
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tion structures, each with only one imaginary frequency, and that the eclipsed conformer is
slightly lower in energy. To account for the multistructural torsional anharmonicity, we used
the multistructural method based on a coupled torsional potential (MS-T(C))""" with a to-
tal of six of minima for the methyl torsion, including two distinguishable minima. Therefore,
technically speaking, the calculations for these reactions are by multistructural CVT/SCT
(MS-CVT/SCT) " and multistructural CNEO-TST (MS-CNEO-TST).

A rotational symmetry number of 12 is applied in the CH4 and CD, rotational PFs.

Software

In this study, CTST and CVT calculations are performed using Polyrate 17-C""" and Gauss-
rate 17-B."”” For DFT PES calculations, Gaussian 16" is called by Gaussrate as the cal-
culator, and the SCT method """ is used to compute tunneling transmission coefficients.
The CNEO calculations employ CNEO-DFT,"’ and they were carried out with a locally
modified version ' of PySCF ' °*"’ by using Python scripts to establish a connection be-
tween Gaussrate and PySCF. To properly evaluate the combined electronic and vibrational
PF when employing CNEO-DFT, modifications are made to the source code of Polyrate to
prevent double counting of vibrational ZPE. CCSD(T) " calculations for the reactions D +
Hy, — DH + H and H + Dy —— HD + D were conducted using Gaussian 16. Torsional

anharmonicity was treated by using the MSTor 2023 code.
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