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Abstract

The double proton transfer (PT) reaction has been investigated in the [2,2’-bipyridyl]-3-3°-diol, a
complex molecule where the proton movements is coupled to significant rearrangement of the
electronic structure. Moreover, the reaction could be concerted, that is the two protons are
exchanged simultaneously, or stepwise, where the two protons are transferred sequentially. To this
end, a static exploration of the potential energy surface (PES) was carried together with the analysis
of the Free-Energy Surface (FES), both surfaces being evaluated at Density Functional Theory
(DFT) level and different exchange-correlation functionals. While the concerted mechanism has
been clearly discharged, the characteristics of the stepwise PT significantly depends on the chosen
functionals, some suggesting a clear stepwise mechanism characterized by a stable reaction
intermediates and two transitions states, whereas other approaches propend for a asynchronous PT,
with a single TS. These features appear on both PES and FES, albeit some differences appears dut

to their different nature.
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1.Introduction

Proton Transfer (PT) processes are ubiquitous in Chemistry, having a central role for a large
number of different chemical systems, from those of interest in biology, to material science, to
astrochemistry and catalysis®. Despite the simple reaction mechanism, roughly a proton moving
from a donor to an acceptor site, its theoretical modeling is far to be trivial, as often underlined in
literature?. Beyond the additional difficulties represented by the quantum chemical effects affecting
the transfer of a light hydrogen atom (that will not be the object of this paper)®#, an accurate
description of the Potential Energy Surface (PES) of the PT reaction requires sophisticated
computational methods. Indeed, as for other properties, the “gold standard” Coupled Cluster (CC)
approach should be used to obtain reliable reference for reaction and activation energies®. If
efficient approximations, such as domain-based local pair natural orbital (DLPNO)® or F1278,
allow for the application of CC methods to large systems®, still the associated computational effort
could be high to be routinely affordable for most users and, thus, a detailed exploration of the PES
could be prohibitive.

Not surprisingly, Density Functional Theory (DFT) has imposed as a reliable alternative, especially
when large systems are studied®'%, Indeed, recent benchmarks indicate that the accuracy on
energy barriers is comparable with that obtained by CCSD(T) methods (that is deviations lower
than 5%) when using exchange-correlation functionals including global, range-separated and
double hybrids (noted in the following as GH, RSH and DH, respectively)*°. Generalized Gradient
Approximations (GGASs), being largely affected by the Self-Interaction Error (SIE), significantly
underestimate the barriers for PT%15, Indeed, among the best functionals for PT reactions can be
counted CAM-B3LYP and ©B97X-D, two RSHs containing a large amount of exact exchange
(EXX, see Table 1)*°.

We have recently pointed out the pros and contra concerning the use of different exchange
correlation functionals, analyzed by static approach, i.e. locating stationary points on the PES and
then evaluating energy differences (reaction energies and barriers), can be translated to dynamics
studies, where the PT mechanism is modelled using ab-initio molecular dynamics (AIMD)
approaches®®. Our previous analysis carried out on two small model systems, namely the
malonaldehyde molecule and the formic acid dimer, indicates that the choice of the functional

affects the global shape of the potential of mean force (PMF) obtained from biased molecular



dynamic trajectories, both in terms of barrier heights and form of the minimum-energy wells, in
analogy to what usually found for static DFT calculations®®.

Here we want to extend this analysis by considering a more complex system, namely [2, 2’-
bipyridyl]-3-3’-diol (see Figure 1), that experiences a keto-enol tautomerization (see Figure 1).
During this reaction, the molecule undergoes to a double proton transfer that may occur in a
concerted or stepwise fashion, if the two protons are transferred simultaneously or in two
consecutive steps, respectively. Furthermore, the electronic structure, and in particular the
delocalized m-electrons, experiences a significant rearrangement in going from one tautomer to the
other. This molecule thus represents a much more challenging playground with respect to the
simpler systems, malonaldehyde and formic acid dimer, already studied in reference 16.

In this work, the Atom Centered Density Matrix Propagation (ADMP) approach!’® to AIMD,
coupled to an enhanced sampling algorithm?®, is used to explore the Free-Energy Surface (FES) of
the reaction using several different exchange correlation functionals. The results obtained are then
compared the features arising from an analysis of the PES carried out by locating the relevant
stationary points and the corresponding minimum energy paths. For sake of simplicity, the latter
approach will be defined in the following as static, juxtaposed to the term dynamic used for AIMD
simulations.

Since the system considered in the present work is structurally more complex with respect to our
previous case study, the comparison between the results obtained from the static and the dynamic
approaches will allow to better exemplify the ability of the different exchange correlation
functionals in reproducing reaction mechanism and in particular, related to the question concerning
the synchronicity of the PT reactions and the stability of the keto-enol intermediate in [2, 2’-
bipyridyl]-3-3’-diol (Figure 1)?*?%. Indeed, this point has been explored more recently, but with

contradictory results?* 2,

2. Computational details

As first step, a preliminary static exploration of the PES was performed using the exchange-
correlation functionals?®-*! reported in Table 1 in conjunction with the 6-311+G(d,p) basis set. This
valence triple-C basis augmented with diffuse functions is chosen as trade-off between accuracy
and computational effort since our aim is to consistently compare the results obtained at static and

dynamic level.



Each structural optimization was carried out with very tight convergence criteria, using the Con
symmetry for the di-keto and di-enol tautomers, while all the other intermediates were constrained
to a Cs point group. All the optimized structures were then characterized by computing harmonic
frequencies, so to characterize the nature of the extrema (minimum or transition state). All DFT
calculations indicate, therefore, planar rearrangements, corresponding to an extended electronic
conjugations?,

A part for the ®B97XD and the DSD-PBEP86 models, all the other functionals do not contain any
corrections for dispersion interactions. The effect of empirical potentials on H-bond energies or
PT barriers is indeed low and not necessarily in the right sense'®*?, We have, however, verified
this effect, and the relative stabilities of the di-keto and di-enol tautomers, computed with the
BLYP, B3LYP and CAM-B3LYP functionals vary of less than -0.1 kcal/mol (max about 1%) upon
the inclusion of the D3 potential*. For this reason, dispersion effects will be not further discussed
in the following.

Biased MD simulations were performed using the ADMP method, an extended Lagrangian method
with propagation of the density matrix'’-*°. Making use of Gaussian basis functions, this approach
allows for an efficient implementation of GH and RSH functionals as well as more standard GGA
models. As a consequence, all functionals considered for the static study were also used for ADMP
calculations, with the exception of DHSs, for which the ADPM algorithm is not implemented.
Additionally static data for the M11 functional are reported in Sl.

Reference values were obtained via single point energy calculations carried out at the CCSD(T)-
F12/cc-pVTZ-F12-CABS level of theory. This method requires a nearly-complete auxiliary basis
(CABS) in addition to the orbital basis set**. For sake of clarity, it should be mentioned that accurate
studies, carried out on smaller molecules, showed that levels of theory similar to this (CCSD(T) +
triple-¢ basis set) provide reaction® or conformational®® energies with an accuracy (error of 3-4%)
that we consider sufficient for the aims of this paper, also in view of the large size of the
investigated system and consequent favorable accuracy/cost ratio of the chosen approach. Different
structures were considered for CCSD(T) calculations namely the ones optimized at MP2, MQ6 or
B2-PLYP level. The results obtained are reported as CCSD(T)//MP2, CCSD(T)//M06 and
CCSD(T)/IB2-PLYP, respectively.

All static and AIMD calculations were performed using the Gaussian program*’, with the exception
of the CC and MP2 calculations that were done with the ORCA program®.



In order to perform biased MD simulations, a local version of the Gaussian program was interfaced
with the PLUMED package®, enabling to evaluate the FESs for the PT reaction using the umbrella
sampling method.

The exploration of FES is obtained thanks to a harmonically biased potential, defined as:
V(CV) =5 (CV = 5o)? )
Where so represents the collective variable at the reference structure and k is the harmonic force

constant which is function of the temperature T and of the standard deviation of the collective
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variable o%y:
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Two collective variables have been chosen in order to better describe the PT mechanism, namely:
CVy = |R(N3) — R(Hy)| — |R(0s) — R(Hy)| (32)
CV; = |[R(N4) = R(Hz)| = |R(06) — R(H,)| (3b)

where R(N;) R(Oi) and R(H;) stand for the position of atoms Ni, O; and Hi, respectively (refer to
Figure 1 for atoms labelling).

The use of these two independent collective variables allows for the construction and the analysis
of the FES for both concerted and stepwise mechanisms and thus to get better insights on the
reaction mechanism.

Ten configurations were collected, sampling the structures every +0.5 Bohr of the CV value along
the reaction path described by the Intrinsic Reaction Coordinate (IRC). Each of these structures
provides the input for the biased dynamics at constant energy carried out with an integration time
step of 0.2 fs for 3 ps. Energy conservation has been verified for all the biased dynamics by linear
regression of the total energy, which is around ~10°8 (Hartree/ps). These simulations are preceded
by an equilibration run of 1.5 ps at room temperature (300K) utilizing the nuclear Kinetic energy
thermostat!’, implemented in the Gaussian program.

The sampling of the phase space is determined by the value of the force constant (k): large k values
allow the exploration close to so, while small values are needed to reach regions in phase space far
from the energy minima. However, energy conservation in the biased simulations is more
problematic with small k-values than with large ones. For this reason, to get an optimal accuracy

to efficiency ratio, different k values were chosen along the reaction path: 0.005 Hartree/Bohr? for



minimum-energy configurations, 0.10 Hartree/Bohr? for intermediate structures and 0.20
Hartree/Bohr? for TS.

The weighted histogram analysis method (WHAM)*® was then used for each acquired trajectory to
reconstruct the full FES at room temperature with a convergence criterion of 1 107 a.u.

Since the main aim of the paper is to compare the static and the much-more demanding dynamic
computations in fair way, a computationally affordable basis set have been used. All DFT static
calculations have been carried out with the 6-311+G(d,p) basis set, while, the smaller 6-31G(d,p)
basis set was used for all the atoms in the ADMP calculations, except for the N, O and H atoms
involved in the PT mechanism. For these latter, diffuse functions were added, leading to a modified
6-31+G(d,p) after optimization of their exponents to reproduce the PT barriers obtained with the
original 6-311+G(d,p) basis set on all atoms. This combination of basis sets is hereafter defined as
6-31+G(d,p)*™MP. Optimized exponents for the 6-31+G(d,p)*™P are reported in Table S1 in SI.
The stationary points and the Intrinsic Reaction Coordinate profiles®*> were computed with 6-
31+G(d,p)MP for several xc-functionals and compared with the 6-311+G(d,p) to verify the quality
of the adopted basis set in the ADMP simulations. As reported in Table S2 of the SI, the energy
differences between the two basis sets for a given xc-functional are less than 0.5 kcal/mol. In other
words, the modified basis set represents an acceptable balance between accuracy and

computational cost savings.

3. Results and discussion

3.1 Static Proton Transfer: 1 or 2 protons at time?

As mentioned before, we will firstly analyze the results obtained using a static approach to describe
the PT mechanism. Relative energies of different tautomers and TSs (Figure 1) computed with the
different functionals are reported in Table 2. The reference energy is here taken as that of the
highest-energy tautomer, that is the di-keto one (1). This choice, somehow antithetic to the usual
preferences, was done to be coherent with the following ADMP simulations, carried out for
convenience from the highest-energy TS structures.

Based on chemical intuition and in agreement with previous works?® the tautomerism can proceed
following two mechanisms (Figure 1), that are : i) a concerted and synchronous double proton
transfer, or ii) a stepwise PT that may involves the formation of a keto-enol intermediate, (2 in

Figure 1).



Considering the resonant forms of the two stable tautomers, the di-keto one (1) can be formally
represented by two zwitterionic resonant forms one characterized the presence of negative
(positive) charges on the oxygen (nitrogen) atoms and another characterized by the presence of
carbanions and positively charged nitrogens. The di-enol form (3), on the other hand, is restoring
a full aromaticity of the cycles, resulting in a more stable formally non-zwitterionic structure.

An analysis of the electronic structure corresponding to the di-keto, keto-enol and di-enol forms
performed computing the charge centroids of the Boys localized molecular orbitals is reported in
Figure 2 in the case of the BLYP functional. Of note, all other functionals provide the same
qualitative picture. Interestingly, the resonant form corresponding to the presence of a keto group
(C=0) a carbanion and a positively charged nitrogen, seems to be the most relevant for the keto
form both in the di-keto and the keto-enol intermediate (see Figure 2 and discussion below).
Qualitatively, all the considered DFT methods coherently predict the di-enol form (3) as the most
stable, in agreement with the results obtained at the HF, MP2 and CCSD(T) level. Nonetheless, the
computed relative stabilities are significantly different depending on the method selected.
Considering DFT approaches, the di-enol stabilization ranges from -5.62 kcal/mol (at PBE level)
to -19.68 kcal/mol (at the DSD-PBEP86 level), with many of them providing values close to the
CCSD(T) estimate (that is between -13.4 and -14.6 kcal/mol).

More carefully inspecting the results reported in Table 2, a correlation between the percentage of
EXX exchange present in the functional form (see Table 1) and the stabilization of the di-enol form
can be noticed, the higher the EXX contribution the greater the stabilization.

The reason of the large underestimation of stabilization observed for the GGA functionals with
respect to the CCSD values can be (qualitatively) ascribe to Self-Interaction Error (SIE), which
predicts as smaller relative energy in the case of the charge separated zwitterionic di-keto form
with respect to the corresponding di-enol one. The inclusion of EXX partially curing the SIE leads
to a more realistic estimate of the two tautomer relative energies, and particularly a better estimate
of the di-keto and keto-enol forms.

In order to quantitatively correlate the relative energies to the SIE, the so-called delocalization error
(DE)* has been estimated by computing the difference between the ionization potential of a cluster
of 16 He atoms located at very large interatomic distance (10 A) and that of a single He atom as
recently proposed in literature>**. In absence of DE, the two ionization potentials are equal, where

a large DE leads to lower potentials for the cluster, due to an over delocalization of the hole. In



Figure 3 it is plotted the energy difference between the di-keto and di-enol forms as function of the
so-computed DE. A clear linear correlation between the two quantities is found, that nicely
confirms the physical origin of the observed variations in relative stability.

In order to assess the accuracy of the different functionals, the deviation of the computed DFT
energy differences should be assessed with respect to reference post-HF calculations. As previously
mentioned, the CCSD(T) approach is recognized as the gold standard approach able to provide
thermochemistry with chemical accuracy, that is an error of 1 kcal or even less. However, it is
very difficult, or even impossible, to optimize the geometrical structure of the two isomers (and
eventually the corresponding TS) at this level of theory. Following a common practice®, we have
therefore, considered three different geometries optimized at the MP2, M06 and B2-PLYP level,
three approaches providing accurate structural properties®® but different PT mechanism in our case.
The evaluation of CC energies at the MP2 structure would have been sufficient, but two striking
features appear. First of all, the structure of the di-enol form, in contrast with the DFT results, is
not planar, due to spurious effects on the electronic correlation well documented in literature®”.
This drawback could also explain the high stability computed for the di-enol form, that is found to
be very close to that provided by the HF method (-25.7 vs. 26.5 kcal/mol). The CCSD(T) on the
molecular structures obtained with both M06 and B2PLYP functionals are, instead, similar (about
-14.6 kcal/mol), even if these functionals suggests two different reaction mechanisms (see infra).
We prefer, therefore, to select the CCSD(T) value computed using these structures as reference to
evaluate the accuracy of the DFT approaches.

On this basis, the analysis of the energies reported in Table 2 suggests that local GGA functionals,
that is BLYP, PBE and MO06-L, as well as two GHs with a relatively low percentage of EXX
(B3LYP and PBEOQ) underestimate the stability of the di-enol tautomer with respect to the di-keto
one. In contrast, DSD-PBEP86 provides a too large stabilization (-19.7 kcal/mol). Values in
reasonable agreement ( 2 kcal/mol) with the CCSD(T) reference are obtained with all the other
functionals, even if the dispersion of the results is still relative large, from -12.0 kcal/mol computed
at MO06 level to -16.4 kcal/mol for M06-2X. The strong dependency of these energies upon the
EXX contribution is also evident, large EXX values in the functional providing larger stabilities,

as already discussed.



Next, the PT mechanism was studied at the different level of theory to identify which one, between
a concerted or a stepwise mechanism, was predicted to be relevant by the different functionals
considered.

The concerted mechanism is characterized by a stationary point corresponding to a simultaneous
double PT (equivalent to TSp in Figure 1), structurally characterized by the same point group
symmetry of the two minima (Can). This structures, has indeed been localized considering only
four functionals, namely: B2-PLYP, ©B97XD, B3LYP and BLYP. For the first three, the TS is
about 35 kcal/mol higher in energy that the di-keto tautomer (1), while the last functional, BLYP,
provides a lower value (about 21 kcal/mol). All these four TSs are characterized by the presence
of two imaginary frequencies, corresponding to the symmetric and antisymmetric stretching of the
N-H bond, with displacement of the protons toward the acceptor O atom (see Figure S1 and Table
S3in Sl). In other words, these functionals predict a second-order saddle point for the concerted
PT, but very high in energy. Based on these results, this mechanism has been therefore discharged
for all the DFT methods, in favor of a stepwise mechanism. Ideally, two TSs are excepted
corresponding to the sequential transfer of the first and, then, of the second proton. As we will see,
this is not always the case.

The energy corresponding to the relevant intermediates and TSs are reported in Table 2 together
with those of the stable di-keto and di-enol tautomers. Most of the functionals agree in locating a
single TS between the two energy minima, the exception being BLYP, M06-L and MQ06, for which
a stable keto-enol intermediate and two TSs can be localized along the reaction path.

Let us start the discussion from the results obtained for majority of the functionals. In this case a
single TS (labelled as TSy in Table 2 and Figure 1) can be located. Depending on the functionals
the energy barrier from the di-keto ranges from 0.04 (M06-2X) to 1.7 (B2-PLYP) kcal/mol. The
CCSD(T) reference value is around 0.6-0.7 kcal/mol (see also below) and only 4 functionals,
namely M11, CAM-B3LYP, PBEO and PBE give values in reasonable agreement with this
reference (see Table 2 and Sl). For the others the barrier is computed to be significantly higher,
between + 40% and 140% of the refence value (corresponding to an overestimation of the barrier
of 1 to 1.7 kcal/mol). This behavior may appear surprising, in view of previous benchmarks on PT
systems21%1115 "and it points out the subtle electronic effects that are at play in [2,2’-bipyridyl]-3-
3’-diol and its substantially difference with respect to model systems. Notably, the acceptable

barrier obtained at the PBE level (0.46 kcal/mol) could be attributed to an error compensation,



since it is well known that this functional significantly underestimate energy barrier for PT115,
Indeed, in the present case the anomalous overstabilization of the di-keto tautomer already pointed
out and due to SIE is probably at the origin of the relatively good estimate of the barrier.

The inclusion of EXX in PBEOQ partially corrects the SIE error and the overstabilization of the di-
keto form, significantly improving the predicted relative stabilities of the two tautomers, but it leads
to aslight deterioration of the barrier value. Both PBE and PBEO are also the functionals predicting
a relative small curvature at the saddle point, with an associated imaginary frequency (vi1, Table 2)
below 800i cm™, while all other functionals suggest values close to 1000 cm™ or higher, with the
exception of M06-2X and M11 which are also predicting a very flat PES (v1 of 389icm-1 and 754i
cm-1, respectively, Table 2 and Sl). Interestingly, the normal mode associated to the imaginary
frequency for all functionals corresponds to the transfer of a single proton.

From a structural point of view for all the functionals showing a single barrier, one of the NH bond
increases in going from the di-keto to the TS, typically from 1.06 to 1.20 A, while the corresponding
N-O distance is reduced, in average from 2.54 to 2.45 A. The large flexibility of the structure helps
in reducing the energy barriers for the first PT. From the TS, the di-enol structural parameters, with
equal OH and NO distances, are then easily recovered.

These results suggest that a small energy is required to move the first proton and then activate a
second barrierless PT. In other term, the reaction is not fully concerted since the two protons are
not transferred simultaneously neither the protons are sequentially transferred so that a first and
second PT can be clearly distinguished. We could speak, instead, of an asynchronous double PT,
where the movement of the second proton (barrierless) is activated by the transfer of the first.

For 3 functionals, BLYP, M06-L and M06, however, the reaction is stepwise since two distinct
TSs have been identified and characterized by relatively high imaginary frequencies (between 980i
and 1400i cm™, approximately). In this case, the transfer of the protons is sequential, with two well-
distinct movements, as can be easily view by looking at the atomic displacements along the two
imaginary modes (see data reported in Sl). In these 3 cases the PES between the di-keto and the
keto-enol form is (very) flat, the energy of the keto-enol intermediate being -0.94, -1.47 and — 3.52
kcal/mol for BLYP, M06-L and MO06, respectively. The second barrier in any case significantly
smaller that the first one (Table 2). At the same time, the NH lengths involving the transferred
proton increases from about 1.05/1.07 A to about 1.66/1.70 A, while the NO distance is almost
constant (about 2.57-2.60 A). Then the di-enol form is reached through a second TS, slightly higher
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in energy with respect to the keto-enol form. The small height of this second barrier (between 0.01
kcal/mol for BLYP and 0.84 kcal/mol for M06-L) could suggest that, at least for the BLYP case,
the limit of the numerical precision of our calculation is reached. However, the associated
imaginary frequencies (between 1000i and 1400i cm™) and the displacement vectors (see Sl) allow
to discharge this hypothesis and confirm the existence of an intermediate and of a second TS.

In order to get further insights allowing to understand the peculiar behavior obtained by the BLYP,
MO06-L and MO6 functionals, we decided to characterize the electronic structure corresponding to
all extrema of the PES by analyzing the charge centroids of the Boys localized molecular orbitals®®.
This type of analysis is reported, in Figure 2, for the BLYP functional. First of all, it is interesting
to note that all forms containing a keto group (di-keto, and keto-enol) are characterized by the
presence of a carbanion in the same ring of the keto moiety. As a consequence a doubly zwitterionic
formand the one corresponding to a carbanion on the keto containing ring and a positively charged
nitrogen on the enol ring are the most relevant resonant forms predicted by the Boys analysis for
the di-keto and the keto-enol forms, respectively. Interesting the intermediate seems to be
characterized by the presence of one fully aromatic ring (the ring carrying the enol group) while
full aromaticity of the ring is restored for the most stable di-enol form. Both the first (TS1) and the
second (TSy) transition states are electronically very close to the products that are the keto-enol
and the di-enol forms respectively. Both TSs actually show already a full recover of the aromaticity
in the enol containing ring(s) and that before the full occurring of the proton transfer. However,
while the relative stability of the different forms well correlates with the DE observed for the three
functionals it is not possible to directly connect the corresponding reaction barriers to the DE,
pointing out that other non-easily-identifiable effects must also contribute.

Finally, the M06-2X functional has an atypical behavior, with a very low barrier for a single PT
(0.04 kcal/mol) associated to a low imaginary frequency (389i cm-1), whose displacements
concerns both protons. These values indicate a nearly barrierless PT. Furthermore, the M06-2X is
the only functional giving an almost Czn high-symmetric structure for the TS. For instance, the two
OH distances for the two transferred proton are very close, being 1.42 and 1.52 A. Previous
calculations, carried out using the smaller 6-31G(d,p) basis set, report a stable keto-enol form, -
6.27 kcal/mol more stable than di-keto, in clear contrast with the present results and no TSs were

characterized in the literature?®. This effect could be easily ascribed to the small basis set that,
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lacking the necessary diffuse functions for an accurate evaluation of PT energies lead to a
stabilization of the keto-enol form.

As for the relative stabilities of the di-enol form, the energy of the reactive intermediates has been
assessed by carrying out CCSD(T) calculations on MP2, M06 and B2-PLYP geometries. As for
the energy minima, the estimation of the TS: energy is very close being between 0.60 and 0.70
kcal/mol (see Table 2). Interesting, when using the M06 geometries, corresponding to a stepwise
mechanism, the CCSD(T) total energies computed for the keto-enol form and the TS are higher
than that for the TS1 point (see SI, Table S4). In absence of a full CCSD(T) geometry optimization,
these data strongly suggest that an asynchronous PT mechanism is also probable for the CCSD(T)
method.

Finally, Intrinsic Reaction Coordinates (IRC) calculations have been carried out to confirm that the
localized TSs connect the di-keto with the di-enol form. Selected IRC profile are reported in Figure
4, while all others are collected in the SlI. All the functionals showing a single TS present a plateau
in going from the TS to the di-keto form, whose extension (slightly) varies as a function of the
functional considered. For instance, B3LYP and «B97XD have the longest plateau, reaching a
value of the reaction coordinate of about 3.0 A amu'2. Notably the CAM-B3LYP, B2-PLYP and
B3LYP profiles are practically parallel, even if slightly shifted, thus well evidencing their common
features. A second TS is, as discussed, not localized with these functionals, but their IRC profiles
present a clear inflection followed by a sudden drop of the energy before reaching the most stable
di-keto isomer. This sudden drop well underlines a transfer of the second proton activated by the
movement of the first. These features are less evident in the M06-2X profile, where the movement
of the second proton take place shortly (in the reaction coordinate space) after the first PT.

In summary, the static study of the PT mechanism in [2,2’-bipyridyl]-3-3’-diol, carried out by
characterizing the stationary points (minima and TSs) well evidence its dependence on the
functional choice. Most of the selected functionals provide an asynchronous mechanism where the
first PT activates the second one. On the other hand, few functionals, namely BLYP, M06-L and
MO06, indicates a step-wise mechanism, where protons are transferred sequentially and enabling to

identify a stable keto-enol intermediate.

3.2 Dynamic view of Proton Transfer: the Free-energy profiles
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At this point it is interesting to confirm if the features observed on the PES (static calculations) are
preserved in the FES (dynamic calculations). It is worth to underline that, as already done!® , the
comparison between PESs and FESs is only qualitative since they are different by their definition
and since the latter (FESs) are here computed using the smaller -optimized- basis set 6-
31+G(d,p)A™MP (see computational details and SI for its definition).

In Figure 5 are reported the 2D maps of the FES computed using two GGA functionals, namely
MO6-L and PBE. The surface generated with the M06-L functional (Figure 5 left) is characterized
by the presence of three minima, corresponding to the di-keto, keto-enol and di-enol forms. These
minima are then connected by two transition states representing the transfer of the two protons
associated with each of the two collective variables. The energy color gradient shows that the
kinetic determining step is the first, as predicted by the static calculations. The FES map indicates
that the energy variations along one of the CVs, e.g. CV1, are accompanied by (relatively) small
fluctuations of the other coordinate, e.g. CV2 (ACV> of about 0.5 A for AAF of about 0.1 kcal/mol).
This feature shows that the two CVs are practically uncoupled and support the description of the
reaction mechanism as stepwise: a first proton is transferred, corresponding to a variation of about
2.5 A of the CV1, followed by the second proton movement, with similar amplitude (ACV1, ~ 2.5
A).

This is not the case for PBE, where the topology of the FES is significantly different. Indeed, the
reaction path streams in large energy valleys (Figure 5, right) characterized by a first deep energy
minimum for the di-enol form and a second, higher in energy, for the di-keto tautomer. Among the
two a TS can be barely localized. The amplitude of the CVs is smaller than for M06-L (ACV12 =
2.0 A), but the two CVs are partially coupled especially close to the di-keto form that lies in large
shallow region of the FES. In this sense, the transfer of the second proton is activated well before
the TS.

The inclusion of EXX into the functional somehow alter the topology of the FESs, as it could be
expected. In Figure 6 are reported the map energies for three GHs, B3LYP, M06 and M06-2X, and
one RSH, ®B97XD. The results for the other functionals are collected in the SI.

MO06-2X, an hybrid functional containing 54% of EXX, provides a FES with features similar to
what observed with PBE (Fig. 5). Indeed, a deep minimum for the di-enol form can be easily
identified, whereas the di-enol species, higher energy, can be reached through a single TS. Also in

this case, the two CVs are significantly coupled and the FES is markedly shallow in correspondence
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of the two energy minima. This energy landscape significantly favors the concurrent movements
of the protons. Notably, the two CVs span over a larger interval (ACV12 = 3.0 A).

At a first sight, B3LYP and MO06, the two other GHSs, provide very similar topologies for the
surfaces, albeit the relative energies of the stationary points are, as expected, different. In both
cases, the two CVs are almost uncoupled and they range over an interval longer than in the previous
cases (ACV12~3.5A). A deeper analysis however shows that a shallow minimum, around ACV1
=-1.0 A and ACV, = 1.5 A, is present for M06, as well two TSs. Despite the low values of the
relative energies (see infra), we are in presence of a stepwise mechanism for the PT. It should also
remarked that in both cases the FES is shallow before the TS, so that, also in this case, the second
PT is facilitated by the first. However, a larger shallow minimum for the di-keto form is observed
for the B3LYP functional than for M06.

Finally, the ®B97XD RSH has an intermediate behavior, providing a FES where only two energy
minima can be clearly identified, connected by a single TS, but the reaction channel for the
movement of the second proton is quite large, the FES significantly widening (JACV1| = 1.0 A)
before and after the first proton has passed through the TS.

In order to more easily evidence the differences between the different functionals in Figure 7 are
reported the free-energy profiles evaluated as minimum energy paths on the computed FESs,
having as reference-energy that of the first TS. A subsequent interpolation with a fifth-degree
polynomial have been then used to smooth the profiles. These profiles well evidence the different
features of the FES already discussed. For instance the shallow minimum corresponding to the
intermediate keto-enol form is clearly evident for the profiles obtained with the M06-L and M06
functionals. The other curves do not show any clear minimum (and associated TS>) even if they
are quite flat at the corresponding values of the associated CVs. The length of the plateau and the
following slope in energy leading to the di-enol tautomer change with the functional, the PBE
providing the smoothest and M06-2X the stiffest profiles. Interestingly, the M06-2X functional
give a minimum at values of the CVs coordinate close to that of the other functionals, while its IRC
profile was the shortest one. From these profiles it is also possible to give an estimate of the relative

free energies of the stationary points, as reported in Table 3.

4. Comments and conclusions
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The coupling of the exploration of the PES carried out by localizing stationary points (TS and
minima) and associated IRC path with the study of the FES conducted by ab-initio molecular
dynamics, both performed making use of different Density Functional Approximations, allows to
acquire detailed information on the PT mechanism in a complex molecule such as [2,2’-bipyridyl]-
3-3’-diol. Of the two possible mechanisms, namely a concerted transfer of the two protons and a
stepwise movement of a protons after the other, the first one is clearly discharged. Indeed, the
corresponding TS state, localized for some selected functionals, and corresponding to a second
order saddle point is lying at very high energy.

The reaction features associated with the second mechanism, stepwise, then depends on the
selected functionals. Three among the functionals considered in the present study, namely BLYP,
MO06-L and MO06, suggest a clear stepwise mechanism, where the protons are transferred
sequentially. This description arises from the localization, on both PES and FES, of a stable keto-
enol form and of two distinct TSs along the reaction path.

In contrast all other functionals provide a slightly different description where the movement of the
second proton takes place after the first one has reached the TS. This reaction can be described as
an asynchronous activated PT, where the movement of the first proton induces a second barrierless
PT, thus resulting in the transfer of the two protons, with only the first occurring via a well-defined
TS. The analysis of the associated FES shows that the coupling between the two CVs describing
the PT increases close to the TS, thus well evidencing the enhancement effect of the first PT on the
second. B3LYP, BH&HLYP, PBEO, CAM-B3LYP, PBE, ®B97XD all provide this same
mechanistic picture.

Only M06-2X has a further different behavior, where the localized TS corresponds to the
movement in majority of a first proton but has small component on the second proton. This feature,
together with similar bond lengths for the H atoms involved in the transfer, lead to a description of
the mechanism closing resembling to a fully concerted PT, where the two protons move at the same
time.

From this context appears that the differences observed between the functionals go well beyond
those concerning the computed energies values (and their agreement with the reference values
when available). Indeed, different functionals lead to different mechanisms thus affecting the

chemical interpretation of the process under investigation (here PT).
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Thanks to the comparison with reference post-HF data obtained for the static approach, it has been
possible to show how discrepancies between the functionals and from the reference data may be
correlated to the different degrees of SIE that it is affecting the functionals. Indeed, in this specific
case, the small energy barriers and the overall relative stability of the different tautomers are
strongly affected by the ability of the functionals to describe with the same accuracy localized,
zwitterionic and delocalized electronic structures. Functionals that are more largely affected by
SIE, tends to over stabilize delocalized electronic structures and thus provide a picture somehow

even qualitatively different to that of provided by all others.
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Table I. List of the exchange-correlation functionals considered in this work, ranked according to
the casted percentage of exact-like exchange (EXX) and second-order perturbation (PT2)

correlation.

Functional WEXX*  %PT2 reference
GGA
BLYP 0 0 26,27
PBE 0 0 28
MO6-L 0 0 29
Global Hybrids
B3LYP 20 0 30,31
PBEO 25 0 32,33
MO06 27 0 34
BH&HLYP 50 0 35
M06-2X 54 0 36
Range-Separated Hybrids
®B97XD 22/100 0 37
CAM-B3LYP 19/65 0 38
Ml11 42.8/100 0 39
Double Hybrids
DSD-PBEP86 69  22/52° 40
B2-PLYP 53 27 41

a) min/max for range separated hybrids, b) same/opposite contribution
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Table 2. Energies (kcal/mol) relative to the di-keto tautomer (1, Figure 1) for the proton transfer
in [2,2’-bipyridyl]-3-3’-diol. The and imaginary frequencies (vi, cm™) computed at the transition

states are also reported. All the calculations have been carried out with the 6-311+G(d.p) basis set.

TS: keto-enol TS di-enol | vy V2

) )
HF 2.23 -11.05 -10.25 -26.54 | 13561 1014i
MP2 3.00 -25.67 | 788
CCSD(T)//IMP2 0.72 -13.42
CCSD(T)//M06 0.57 -14.62
CCSD(T)//B2-PLYP 0.60 -14.62
BLYP 144 -0.94 -0.93 -5.64 |978i 1018i
PBE 0.46 -5.62 | 744i
MO6-L 2.63 -147 -0.63 -7.78 | 1401i 1408i
B3LYP 1.26 -9.69 | 1038i
PBEO 0.40 -10.50 | 788i
MO06 1.65 -3.52 -3.24  -11.99 | 1496i -1018i
BH&HLYP 1.32 -15.92 | 1139i
MO06-2X 0.04 -16.39 | 389i
®B97XD 0.97 -12.74 | 995i
CAM-B3LYP 0.59 -13.07 | 905i
M11 0.34 -12.54 | 754i
DSD-PBEP86 1.47 -19.68 | 969i
B2-PLYP 1.65 -16.61 | 1021i
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Table 3. Free energies (kcal/mol) relative to the di-keto tautomer (see Figure 1) for proton transfer
in [2,2’-bipyridyl]-3-3°-diol. The values have been estimated from the minimum energy profiles

obtained from the free-energy surfaces calculations.

TS: keto-eno TS, di-enol

PBE 0.60 -4.97
MO6-L 2.05 -0.05 -0.22 -5.46
B3LYP 0.47 -9.25
PBEO 0.02 -8.97
MO06 0.68 -1.37 -1.27  -6.77
BH&HLYP  0.60 -14.34
M06-2X 0.33 -14.80
®oB97XD 0.64 -10.98
CAM-B3LYP 1.13 -11.43
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Figure captions

Figure 1 Schematic draw of species involved in single and double proton transfer in [2,2’-
bipyridyl]-3-3’-diol. For the di-enol tautomer the numbering of the atoms used for the definition
of the collective variables is also reported .

Figure 2 Centroids (in purple) of the Boys localized molecular orbitals computed at the BLYP
level of theory for the optimized di-keto, TS: keto-enol, TS and di-enol tautomer. .

Figure 3. Relative stabilities of the di-keto and di-enol tautomers as function of the delocalization
error.

Figure 4 Intrinsic Reaction Coordinate profiles for the proton transfer reaction in [2,2’-bipyridyl]-
3-3’-diol computed using selected functionals. Refer to text for level of theory.

Figure 5. Plot of the Free Energy Surface (in kcal/mol) along the two collective variables (CV, A)
computed with the M06-L and PBE functionals.

Figure 6. Plot of the Free Energy Surface (in kcal/mol) along the two collective variables (CV, A)
computed with the M06-2X, B3LYP, ®B97XD functionals.

Figure 7. Minimum free energy path (kcal/mol) for the proton transfer reaction in [2,2’-bipyridyl]-

3-3’-diol, computed using selected functionals. The profile were interpolated using a fifth order

al, (€ = Sheo IP(2) — sasal et -
polynomial. (E = 2-j=0 IP\5) = ¥il") where x; is as a linear combination of the two collective

variables.
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Figure 1
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Figure 3
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Figure 4
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Figure 7
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Graphical Abstract

The description of the intramolecular double proton transfer in [2,2’-bipyridyl]-3-3’-diol depends
on the selected exchange-correlation functional as suggested by the analysis carried out on the

Potential and Free Energy Surfaces evaluated at DFT level.
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