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In some hydrogen bonded systems, the proton may translocate along the hydrogen bond (hb) upon
geometry optimization with electronic structure methods like density functional theory (DFT). Such
proton transfer (pt) events, however, may be spurious. In this work, spurious pt events are investigated in
a set of hydrogen bonded dimers formed with molecules HXN, where X stands for C, Si, Ge and Sn. It is
found that standard approximations to the electronic exchange and correlation (xc) functional either
predict spurious pt events or too strong hbs in all the (HXN), dimers except the (HCN), one. The latter
result is revealed by comparing DFT calculations against wave function methods. Such spurious pt
events may be avoided by fine-tuning the percentage of exact exchange (ex) in hybrid xc-functionals. It
is shown that the minimum amount of ex to avoid a spurious pt event ranged from 8% to 90%,
depending on the system, basis set and xc-functional approximation used. However, these fine-tuned
xc-functionals inadequately describe the hb in the (HXN), dimers. Moreover, it is determined that the
spurious pt event originates from a wrong description of the isolated HXN molecules by xc-functionals
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that do not include ex or a small amount of it. Therefore, it is argued that one can determine if a pt
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1 Introduction

The hydrogen bond (hb), an interaction between an atom D
(donor) and an atom or region A (acceptor) actuated by a H
atom covalently bonded to D, influences decisively the proper-
ties of matter in which it occurs. The hb is also considered as a
preliminary stage of a proton transfer (pt) reaction,"” a crucial
event involved in many chemical and biological processes.>™
Therefore, this fundamental interaction has been thoroughly
investigated experimentally and theoretically to understand the
physicochemical phenomena connected to its origin, and how
it eases pt events. The theoretical procedures customarily used
to investigate hydrogen bonded systems are electronic structure
methods like second order Mgller-Plesset perturbation theory
(MP2), coupled clusters with singles, doubles and perturbative
triple excitations (CCSD(T)),” and density functional theory
(DFT) in its Kohn-Sham formulation.*'® CCSD(T) is consid-
ered the gold standard method for investigating hbs. MP2 is
also considered to be a reliable method for studying hbs.
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event is spurious by analyzing the geometry and electronic structure of the isolated molecule.

However, these methods are computationally very demanding,
hence not suitable nowadays, to calculate very large systems (of
hundreds or thousands of atoms) or systems modeled using
periodic boundary conditions like solids or surfaces. DTF can
be used to calculate the systems of such characteristics."' ™
Moreover, depending on the approximation to the exchange
and correlation (xc) functional used, DFT may adequately
describe hydrogen bonded systems like peptides,’*™"” molecu-
lar crystals,"®° or catalytic materials,> >* i.e. complex systems
whose physicochemical properties may be connected to hbs
and pt events.

In the definition of a hb recommended by the international
union of pure and applied chemistry,”® the atom D is considered
to be more electronegative than the H atom. Nevertheless, it has
been shown experimentally and theoretically that hbs can be
formed when D is less electronegative than H.>® Investigating
HXN dimers (Fig. 1), where X = C, Si, Ge, or Sn, with MP2 and
CCSD(T), we have also found evidence for formation of hbs if D is
less electronegative than H, as in (HXN), where X = Si, Ge or Sn.>”
Unexpectedly, as shown in this work, DFT with standard
xc-functionals predicts a spontaneous pt event in these dimers

Fig.1 Scheme of HXN dimers and their hydrogen bond (hb) interaction. X
stands for C, Si, Ge or Sn.
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upon geometry optimization, except for (HCN),, the case in which
D is more electronegative than H, as in conventional hbs.
Spurious pt events upon DFT geometry optimization have also
been reported along with the formation of conventional hbs in
organic crystals.”® We wonder why standard approximations to
the xc-functional fail to describe the hbs in (HXN), when D is less
electronegative than H and predict spurious pt events, and how
to know that a pt event is spurious if CCSD(T) or MP2 calculations
are not available.

DFT calculations may suffer from large inaccuracies related
to the approximation to the xc-functional chosen,” e.g. it is
known that xc-functionals that include generalized gradients of
the electronic density (GGA) into their formulation, may lead to
wrong predictions of pt barriers,*® and spontaneous pt events.>®
It has been suggested that such false pt events are connected to
the inability of current xc-functionals to correctly predict the
linear dependence of the energy with respect to fractional elec-
tron numbers,**?°*"32 which triggers spurious delocalization of
electrons or delocalized electrons with too low energies.*® This
electron delocalization error can be linked to the underestima-
tion of reaction barriers and excitation energies and overestima-
tions of binding energies in charge transfer complexes,>® which
may lead to incorrect identification of protonation sites, espe-
cially in acid-base multicomponent crystals.>***?* In addition, it
has been shown that the electron delocalization error can be
reduced incorporating high percentages of exact exchange (ex) in
the xc-functionals,**?%3>?33%37 ¢ o about 50% of ex is required
for an accurate description of the energetics of charge transfer
complexes, and about 40% to avoid spurious pt events in some
molecular crystals.

In this work, the spurious pt events observed in the above
mentioned HXN dimers are thoroughly investigated through DFT
geometry optimizations. In order to do this, different approxima-
tions to the xc-functional are tested. It is shown that standard
approximations to the xc-functional (GGAs, meta-GGAs, which
include a dependence of the Laplacian of the density and/or the
kinetic energy density, hybrid GGAs, with and without range
separation and hybrid meta-GGAs) predict spurious pt events in
these dimers. The tested functionals are the Perdew, Burke and
Ernzerhof (PBE) GGA,*® the strongly-constrained and appropri-
ately normed (SCAN) meta-GGA**™*" and its Laplacian-dependent
deorbitalized variant (SCAN-L),** the Minnessota M06-L meta-
GGA,* the PBEO global hybrid functional, which have 25% of ex,
and two versions of the Heyd-Scuseria-Ernzerhof range-
separated hybrid functionals (HSE03 and HSE06),**** which
have 25% of ex at short range, the LC-PBE range-separated hybrid
functional that includes 100% of ex at long range and the
Minnessota M06-2X hybrid meta-GGA which includes 54% of
ex.* Next, we gradually increase the ex contribution in PBEO and
the HSE family to find the amount of ex needed to avoid the pt in
the investigated dimers. It is found that this amount is system
and basis set dependent, however, beyond 44% of ex the pt is no
longer observed in any of the investigated dimers. Additionally, it
is shown that the maximum amount of xc needed to avoid pt
increases as the short range in the HSE functional is reduced.
Furthermore, we find that the amount of ex needed to avoid pt
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does not guarantee an adequate description of hb properties like
their strength (Enp), ie. the dimer association energy, the X-H
vibrational frequencies (k) or the X: - -H hb distance (d},p). Lastly,
we show that by analysing the local softness (s(r)), an intrinsic
reactivity index that measures the capacity of the system to receive
or donate electrons at a given molecular site,’>>" and the magni-
tude of X-H bond distance (dx-y), one can determine whether a
spurious pt event is going to happen, even without performing a
DFT calculation of the hydrogen bonded dimer, i.e. solely analyz-
ing the monomer electronic structure and geometry. Furthermore,
it is argued that these results give us insight into how the
formation of a hb eases a proton transfer process, and about the
ability of xc-functionals to describe non-conventional hbs.

2 Computational details

HXN monomers and dimers at angles of interaction of 180° are
fully optimized using DFT with Grimme’s-D3 dispersion
correction®” and the next set of xc-functionals: PBE, PBEO, LC-
PBE, HSE03, HSE06, M06-L. and M06-2X, while for SCAN and
SCAN-L the Grimme’s-D2 dispersion correction®® is used as no
D3 parameters for these functionals are implemented in the code
used for the calculations. It is well known that Minnesota
functionals are grid-sensitive, and for this reason, an extra-fine
integration grid was used as well as for all the tested
functionals.”® This extra-fine grid assures a convergence in energy
of ~107® a.u.>® We also calculate (HXN),, and its monomers,
using MP2 with a frozen core and resolution of the identity
approximations (RI-MP2) for comparison purposes. In all calcu-
lations the triple-zeta basis set of Ahlrichs with fuzzy functions
def2-TZVPD,**”” the Dunning aug-cc-PVYZ basis sets with Y = D,
T, and Q and the aug-cc-PVYZ-PP basis set for Sn are used.”®™*°
Hereinafter, the latter basis set is solely referred to as aug-cc-
PVYZ. The counterpoise method for correcting the basis set
superposition error (BSSE) is used for calculating Ej,;,. Conforma-
tions with a distance A---H shorter than X---H upon geometry
optimization are considered to result from a pt event. All electro-
nic structure calculations and vibrational frequencies are carried
out with the NWChem 6.8 code,”® while the Multiwfn v3.8
program® is used for the analysis of properties related to the
electron density. For geometry optimization calculations, it is
considered that the structure has reached the minimum of the
potential energy surface (PES) if the maximum and root mean
square gradients are equal to or smaller than 1.5 x 10> and
1.0 x 107° in atomic units, respectively. Moreover, for the
optimized structures obtained utilizing the def2-TZVPD basis
set, it is confirmed that structures are at the minimum of PES
corroborating the absence of imaginary frequencies.

It is worth mentioning that the implementation of HSE03 in
the NWChem code, here denoted as HSEO3nw, is slightly
different from the original HSE03. The separation between long
and short range in the HSE functionals is controlled by the
w parameter, whose values are w = 0.11 bohr ™" in HSE06, and
w = 0.15 bohr * in HSE03. However, in NWChem w = 0.33 bohr ' is
used in HSEO3nw. As the larger the w value the smaller the short
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range, which is the section in which the ex is mixed with the
GGA exchange, HSE03xyw can be considered of ultra short range.
We have tested both versions of the HSE03 functional. To
determine the amount of ex to avoid pt we modify systematically
the amount of ex in PBEO, HSE06, HSE03 and HSEO03yw. To
avoid confusions, the functionals in which we modify the
percentage of ex are renamed m-PBEO, m-HSE03, m-HSEO03xw
and m-HSEO06.

To determine whether a pt could happen we calculate the
quantity s(r) (eqn (1)) for the HXN isolated monomers. Under
finite differences and the rigid electronic band approach s(r)
can be estimated according to:>"%*3

0 (50), AL e

where p(r) is the electronic charge density, v(r) is the external
potential, g(E,r) is the local density of states, p is the chemical
potential and Ay is the change in  with respect to the chemical
potential of the unperturbed system u,. For finite gap systems,
such as these investigated here, yu, is located at the middle
between the edges of the conduction and valence bands.
Usually, the Ay value is chosen such that s(r) integrates to —1
(for evaluating the capacity of donating electronic charge), or 1
(for evaluating the capacity of accepting electronic charge),
which solely takes into account the highest and lowest energy
orbitals contributing to the valence and conduction bands,
respectively. However, we notice that in the HXN isolated
monomers the occupied and empty orbitals pointing in the
direction in which the hb is going to be formed, do not
contribute either to the valence or the conduction bands. As
our aim is to investigate if there is a correlation between the
capacity of the HXN monomers to donate and accept charge
along the direction in which the hb is going to be formed, and an
eventual pt event, the Au used for evaluating s(r) is chosen such
that the first occupied and virtual orbitals lying along the hb
forming direction are taken into account in the s(r) calculation.

Although s(r) is usually applied for elucidating the reactivity
of organic molecules, proteins and surfaces,”"**"®” it has also
being correlated with the ability of a chemical group to form
hbs,** and here we show that it can help to elucidate whether a
pt could occur upon geometry optimization, without carrying
the geometry optimization.

3 Results

In Tables 1 and 2 are listed the d},;, and Ey,, values obtained with
the tested xc-functionals and the aug-cc-PVQZ and def2-TZVPD
basis sets. The results obtained with aug-cc-PVDZ and aug-cc-
PVTZ are listed in Tables S1 and S2 of the ESI.} For comparison
purposes, values obtained with MP2 and RI-MP2 are also listed
along with those reported in ref. 27 calculated with MP2 and
CCSD(T) at the complete basis set extrapolation (CBS). First, we
notice that all xc-functionals together with the dispersion
correction and any of the basis sets used predict no pt events
in (HCN),, the dimer in which D is more electronegative than
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Table 1 Hydrogen bond distance, dy, (in A) and hydrogen bond strength,
Epp (in kcal mol™), in (HCN),

aug-cc-PVQZ def2-TZVPD

Method” dhb Enp dhb Enp
PBE-D3 2.18 —4.83 2.21 —4.83
SCAN-D2 2.19 —5.52 2.20 —4.07
SCAN-L-D2 2.13 —5.70 2.13 —4.74
MO06-L-D3 2.17 —4.01 2.16 —4.23
PBEO-D3 2.18 —4.98 2.19 —4.98
PBEO 2.19 —4.59 2.23 —4.60
HSE03-D3 2.22 —4.69 2.23 —4.69
HSE03nw-D3 2.20 —4.81 2.23 —4.81
HSE06-D3 2.22 —4.68 2.23 —4.68
LC-PBE-D3 2.06 —6.08 2.07 —6.16
MO06-2X-D3 2.21 —4.52 2.24 —4.45
MP2 2.19 —4.80

RI-MP2 2.22 —4.59
MP2/CBS” 2.15° —4.88

CCSD(T)/CBS*? —4.68

“ Energies are basis set superposition error corrected. * Complete basis
set extrapolation (CBS) of MP2 single point calculations on MP2/aug-cc-
pVDZ optimized geometries. Results from ref. 27. © MP2/aug-cc-pVDZ
optimized geometries. ? CBS of CCSD(T) single point calculations on
MP2/aug-cc-pVDZ optimized geometries. Results from ref. 27

H. This result is in accordance with the MP2 and RI-MP2 results
(Table 1 and Table S1 in the ESIY). For the other dimers (Table 1
and Tables S1 and S2 in the ESIf) where D is less electronega-
tive than H, pt events may be obtained upon geometry optimi-
zation depending on the functional and/or basis set used. For
example, for (HSiN), PBE-D3 and SCAN-L-D2 predict a pt event
disregarding the basis set utilized, however SCAN-D2 predicts a
pt event only if the aug-cc-PVDZ basis set is used. Similarly,
for (HGeN),, PBE-D3 and SCAN-L-D2 predict pt events indepen-
dently of the basis set used, as well as SCAN-D2 with all the
basis sets but the aug-cc-PVTZ. For (HSnN), all the combina-
tions of xc-functional/basis-set predict pt events, except if the
MO06-2X-D3 xc-functional is used with any of the basis sets or
LC-PBE-D3 with aug-cc-PVQZ or def2-TZVPD. Nevertheless,
MP2 and RI-MP2 predict no pt events for the investigated
dimers independently of the basis set used.

The dy, and Eyp, values obtained using either def2-TZVPD or
aug-cc-PVQZ basis sets and any of the tested functionals differ
little between them, except if these basis sets are utilized together
with the SCAN-D3 or SCAN-L-D2 xc-functionals. The latter com-
binations lead to differences between 1 and 3 kcal mol ™ for Ejy,.
Although differences in dy,;, are small, 0.06 A at most (Tables 1
and 2). Yet, the results obtained with these two basis sets are
consistent regarding the prediction of pt events. The other basis
sets, aug-cc-PVDZ and aug-cc-PVTZ, give somewhat erratic results
concerning pt events, particularly if these are used together with
the SCAN-D2 or the LC-PBE-D3 xc-functionals. Hereinafter we use
primarily the def2-TZVPD basis sets and solely key results are
corroborated repeating the calculations using the aug-cc-PVQZ
basis set.

The def2-TZVPD basis set together with the tested xc-functionals
describe adequately the hb in (HCN),, within an error bar of
0.6 keal mol ™' with respect to CCSD(T)/CBS for the hb strength,
and of 0.1 A with respect to MP2/aug-cc-pVDZ results for dp,
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Table 2 Hydrogen bond distance, dyp, (in A), and strength, Eny, (in kcal
mol™Y), in (HXN), dimers with X = Si, Ge, and Sn

aug-cc-PVQZ def2-TZVPD
System/method“ dhb Ehbb dhb Ehbb
(HSIN),
PBE-D3 -pt- -pt-
SCAN-D2 1.85 —7.90 1.91 —5.09
SCAN-L-D2 -pt- -pt-
MO06-L-D3 2.07 —5.06 2.10 —5.18
PBEO-D3 1.95 —7.00 1.96 —7.11
PBEO 1.96 —6.41 1.98 —6.41
HSE03-D3 2.01 —6.36 2.02 —6.31
HSEO03\w-D3 1.92 —6.44 1.94 —6.56
HSE06-D3 2.01 —6.37 2.03 —6.48
LC-PBE-D3 1.82 —9.59 1.84 —9.72
MO06-2X-D3 2.08 —6.79 212 —7.10
MP2 2.22 —-3.75
RI-MP2 2.29 —3.40
MP2/CBS* 2.214 —3.68
CCSD(T)/CBS* —4.97
(HGeN),
PBE-D3 -pt- -pt-
SCAN-D2 -pt- -pt-
SCAN-L-D2 -pt- —pt-
MO06-L-D3 2.02 —4.75 2.03 —5.46
PBEO-D3 1.91 —6.64 1.93 —6.87
PBEO 1.93 —5.94 1.95 —5.99
HSE03-D3 1.97 —5.99 1.99 —5.92
HSEO03\w-D3 1.85 —6.13 1.88 —6.35
HSE06-D3 1.98 —6.00 2.00 —6.25
LC-PBE-D3 1.82 —9.21 1.85 —9.51
MO06-2X-D3 2.10 —6.32 2.13 —6.75
MP2 2.01 —3.18
RI-MP2 2.21 —3.03
MP2/CBS* 2.09¢ —3.58
CCSD(T)/CBS* —4.91
(HSnN),
PBE-D3 -pt- -pt-
SCAN-D2 —pt- -pt-
SCAN-L-D2 -pt- —pt-
MO06-L-D3 —pt- —pt-
PBE0-D3 -pt- -pt-
PBEO -pt- -pt-
HSE03-D3 —pt- —pt-
HSEO03\w-D3 -pt- -pt-
HSE06-D3 —pt- —pt-
LC-PBE-D3 1.65 —9.17 1.71 —9.04
MO06-2X-D3 2.00 —5.72 2.11 —5.46
MP2 1.70 —2.11
RI-MP2 2.10 —-3.04
MP2/CBS* 1.91¢ —3.49
CCSD(T)/CBS* —2.67

“ Basis set superposition error corrected values obtained using the def2-
TZVPD basis set. ? pt stands for proton transfer. ¢ Complete basis set
extrapolation (CBS) of MP2 single point calculations on MP2/aug-cc-
pVDZ optimized geometries. Results from ref. 27. ¥ MP2/aug-cc-pvVDZ
optimized geometries. Results from ref. 27. © CBS of CCSD(T) single
point calculations on MP2/aug-cc-pVDZ optimized geometries. Results
from ref. 27.

except for LC-PBE-D3 that predicts a too strong hb, with Ep;, ~
1.5 kcal mol ' larger than the CCSD(T)/CBS result. For the
other dimers ((HXN), where X = Si, Ge or Sn), however, the GGA
PBE-D3 predicts pt events. The meta-GGAs-D3 either predict
Eyp, within an error bar of 0.6 keal mol * and dy,;, within an error
bar of 0.3 A, or pt events; i.e. SCAN-L-D3 predicts pt events in

This journal is © the Owner Societies 2024

View Article Online

PCCP

the three dimers, SCAN-D3 in two ((HGeN), and (HSnN),), and
M06-L-D3 in one ((HSnN),). Hybrid xc-functionals together with
the D3 dispersion correction predict either too strong hbs, with
error bars larger than 1.3 kcal mol ', as in (HSiN), and
(HGeN),, or pt events, as in (HSnN),, except for LC-PBE-D3
that does not predict pt events in any case. Yet, the largest
deviations from the CCSD(T)/CBS Ey,, values are obtained with
LC-PBE-D3. These deviations lead to errors in the order of the
expected values. The hybrid meta-GGA M06-2X together with
the dispersion correction D3 also predicts no pt events, how-
ever, it greatly overestimates the hb strength with errors that
can even be of the same magnitude as the Ey;, value obtained
with CCSD(T)/CBS. For MP2 the description of these hbs in
which D is less electronegative than H is also challenging. The
MP2/aug-cc-PVQZ error can be as large as 1.7 keal mol *, with
respect to CCSD(T), in the calculations of Eyp. This error may
increase in some dimers if RI-MP2/def2-TZVPD is used, e.g. for
(HGeN), it amounts to 1.88 kcal mol ", Still, neither MP2 nor
RI-MP2 predict pt events.

According to the previous results only hybrid functionals
with ex larger than 50% (LC-PBE and M06-2X) do not predict any
spurious pt events in the investigated dimers. However, these
functionals greatly overestimate the Eyj,. To determine the mini-
mum amount of ex that is required to avoid spurious pt events,
we have systematically modified the percentage of ex in PBEO,
HSEO03, HSEO03nw and HSEO06 (see Fig. S1 in the ESIY). It is found
that the minimum amount of ex to avoid pt is system dependent,
e.g. for (HSIiN), and (HGeN), less than 10% of ex in m-HSE06, m-
PBEO and m-HSE03, and between 13% and 15% in m-HSEO03yyy is
required (see Table 3). However, that amount increases signifi-
cantly for (HSnN),, between 40% and 44% in m-HSE06, m-PBEO
and m-HSE03, and up to 90% in m-HSEO03xw. In all these cases,
m-HSEO03nw requires the largest amount of ex to avoid the pt
event. This result suggest that for range separated xc-functionals
the smaller the short range the larger the ex needed to avoid the
pt. Yet, Eyp, is overestimated using the xc-functionals modified
with the minimum amount of ex listed in Table 3, and dy, is

Table 3 Minimum amount of exact exchange, ex, to avoid proton transfer
and the hydrogen bonding distance, dy (in A), and strength, Ep,, (in kcal
mol™?) predicted with that amount of ex

System Method* % ex dnp Enp

(HSiN),  m-HSE06-D3 7(7) 1.79(1.76)  —6.43(—6.49)
m-HSE03-D3 8 1.81 —6.42
m-HSE03nw-D3 13 1.75 —6.47
m-PBEO 8 1.80 —6.06

(HGeN),  m-HSE06-D3 7(9) 1.69(1.75)  —6.13(—6.17)
m-HSE03-D3 8 1.72 —6.12
m-HSE03nw-D3 15 1.74 —6.14
m-PBEO 8 1.75 —5.66

(HSnN),  m-HSE06-D3 40(44)  1.90(1.88)  —5.38(—5.51)
m-HSE03-D3 44 1.91 —5.36
m-HSE03yw -D3 90 2.01 —5.49
m-PBEO 43 1.81 —5.70

¢ Data in parenthesis are obtained with the aug-cc-PVQZ basis set. The
Eyp, values are basis set superposition error corrected.
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underestimated. Increasing the amount of ex can improve the
prediction of Eyy solely with the m-HSE03 functional, and with
the other functionals the overestimation is increased. Neverthe-
less, the description of d},, will be improved with any of the xc-
functionals tested if ex is increased (see Fig. S1 in the ESIY),
except in (HSnN), calculated with m-HSE03 or m-HSEO3yy. For
that system, the dy,;, values obtained with the minimum amount
of ex required to avoid pt, is already quite close to the one
obtained with MP2. The amount of ex to avoid spurious pt events
is also basis set dependent, although only slightly, e.g. the
amount of ex increases between 1% and 4% if the calculations
are performed with aug-cc-PVQZ instead of def2-TZVPD (Table 3).

Analyzing the description of the optimized HXN isolated-
molecules obtained with different amounts of ex, we find that
the dx u (Table 4 and Table S3 in the ESIf) and the vx gy
(Table S4 in ESIY) values deviate significantly from the corres-
ponding MP2 values if no ex is included, as when using PBE. For
example, PBE predicts dx_g to be between 0.7% and 2.9% longer
than the MP2 values, and between 2.8% and 12.4% smaller vx_gy
frequencies than the MP2 ones. Increasing ex, the overestima-
tion of dx_y and the underestimation of v« i by DFT may even
turn into underestimation and overestimation, respectively, as

Table 4 Value of the softness at the intersection point, s;(r) in A= ev1,
the bond distance, dy_y in A, in the monomers and the proton lability
index, L in A2 ev?!

System % ex” si(x) dx u L
HCN 0 0.047(0.035) 1.076(1.075) 5.1(3.8)
10 0.038 1.073 4.1
20 0.031 1.070 3.3
25 (0.02) (1.068) (2.1)
40 0.022 1.065 2.3
50 (0.012) (1.061) (1.3)
100 0.005 1.068 0.0
HSIN 0 0.063(0.065) 1.504(1.502) 9.5(9.8)
10 0.058 1.497 8.7
20 0.053 1.491 7.9
25 (0.052) (1.486) (7.7)
40 0.045 1.479 6.7
50 (0.043) (1.473) (6.3)
100 0.008 1.488 0.0
HGeN 0 0.064(0.064) 1.538 (1.535) 9.8(9.8)
10 0.060 1.530 9.2
20 0.055 1.525 8.4
25 (0.055) (1.519) (8.4)
40 0.048 1.513 7.3
50 (0.045) (1.506) (6.8)
100 0.011 1.519 0.0
HSnN 0 0.068(0.062) 1.703(1.703) 11.6 (10.6)
10 0.062 1.695 10.5
20 0.057 1.688 9.6
25 (0.056) (1.686) (9.4)
40 0.050 1.676 8.4
50 (0.044) (1.672) (7.4)
100 0.016 1.655 0.0

“ 0% and 100% of ex correspond to calculations with PBE and MP2,
respectively. Otherwise, m-HSE06-D3 is used. The def2-TZVPD basis set
is used in these calculations, except for the data in parenthesis, which
are obtained with the aug-cc-PVQZ basis set.
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when ex is increased beyond 40%. The dx_yz and vx_y values are
somewhat indicative of how strong is the proton bonded to the
X atom. Thus, the latter results suggest that the proton in the
HXN molecules becomes more labile as the amount of ex
included in the xc-functional is reduced, hence more prone to
be transferred upon hydrogen bonding. Therefore, it seems that
the spurious pt event in (HXN), predicted by DFT is partly
connected to an inadequate description of the X-H bond in the
isolated HXN molecules when no ex, or a small amount of it, is
included in the xc-functional. That is, to the prediction by DFT
of longer X-H covalent bonds and smaller vx_y; frequencies than
the expected ones, particularly for the monomers in which X is
less electronegative than H.

It may be then possible to determine if a pt event is spurious
by analyzing the isolate molecule, i.e., before hydrogen bonding.
For example, if the deviation of dx i with respect to the MP2
result is larger than 1.3% a pt event will happen upon hydrogen
bonding, and if such deviation is smaller than 0.7% it will not
(see Table S3 in the ESIt). However, if the deviation is between
1.3% and 0.7%, the outcome cannot be predicted. A similar
conclusion can be reached analyzing the deviations of vk i from
the MP2 values; ie., if the deviation <—6% a pt event will
happen, and if the deviation >—2.5% it will not. Still, for some
deviation intervals one cannot predict if the pt event will happen
or not.

As the formation of a hb will tend to affect the strength of
the X-H bond in the HXN molecules, likely due to a redistribu-
tion of the charge density upon hydrogen bonding, one may
wonder if there is a correlation between the capacity of the N
atom and that of the X-H bond, in the isolated molecule, to
donate/accept charge, respectively, and an eventual pt event. The
latter because the acceptor atom’s capacity to donate charge has
been correlated with its ability to form a hydrogen bond.>* Thus,
we have estimated the capacity of the isolated HXN (monomer) to
donate/accept electronic charge by means of s(r). The donating
capacity, (s(r)7), is calculated considering the highest-energy
occupied-orbitals, at the N atom, pointing along the direction
of the hb formation. For calculating the accepting capacity, (s(r)")
are considered the lowest-energy empty-orbitals, at the X-H
bond, pointing along the direction of the hb formation (Fig. 2).
For comparison purposes Au > 0 is considered in the calculation
of both s(r)~ and s(r)". We estimate how much electronic charge
could transfer in the process of the formation of the hb over-
lapping s(r)~ with s(r)". For that, we plot together s(r)” and s(r)" at
HXN (upper part of Fig. 2). Next, two replicas are made and
located one to the left and one to the right as depicted in the
lower part of Fig. 2. The origin of the combined plot is at the N
atom of the molecule located to the left. The molecule to the right
is located in a position such that its H atom is at the distance
dy.. . = 0.68(ry + 1) from the origin of the combined plots r and
ry stand for the van der Waals radius of N and H, respectively.
These van der Waals radius are determined integrating the
electronic density obtained from a DFT calculation with the
corresponding percentage of ex. For each case, the van der Waals
radius is considered to be the radius of the sphere in which the
electronic density integrates to the 99.9% of the value it should
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99 i 909

Fig. 2 Upper scheme, local softness s(r)~ (donating capacity) and s(r
(accepting capacity) at the HXN isolated molecule. Lower scheme, repllcas
of the HXN isolated molecule located at the distance dy...4 in which s(r)™
and s(r)* overlap. Considering the origin at the N atom to the left, dy.. 4 is
calculated as dn... = 0.68(ry + ru), where ry and ry stand for the van der
Waals radius of N and H, respectively. si(r) stands for the value in which
s~ = s(r*. X stands for C, Si, Ge or Sn.

s(r)

s(r)

si(r)

integrate in an infinite sphere. In such arrangement, the tails of
s(r)” and s(r)" overlap (see Fig. S2 in ESI). The values of s(r) at the
intersecting point (s(r), Fig. 2) are listed in Table 4. This value
reduces as the percentage of ex is increased. We find that if s;(r) is
larger than 0.060 (in units of A eV™*) a spurious pt event will
happen upon hydrogen bonding, and if it is lower or equal to 0.05
it will not. However, if s;(r) is between 0.06 and 0.05 it cannot be
predicted whether a spurious pt event will happen or not. We
note that combining si(r) and dxy we can identify all the
spurious pt events; ie, we find that if the quantity L =
si(t)dx- x 100, here called the lability index, is larger than 9.2
(in units of A~* eV ") a spurious pt event will be observed, at least
in the systems investigated here (see Table 4). It is worth
mentioning that L calculated with MP2 is ~0.0 for all the
systems, which suggests that when fully considering the ex the
possibility of a pt event upon hydrogen bonding practically
vanishes, in the systems investigated here. Moreover if the lability
index is calculated with the aug-cc-PVQZ basis sets (see Table 4)
the same conclusion is reached.

4 Discussion

In DFT calculations, one may usually associate a spurious pt
event in hydrogen bonded systems with a bad description of the
hb by the xc-functional. This bad description may be due to the
charge delocalization error common to many of the current xc-
functionals. The results presented above, however, reveal that
spurious pt events may actually be connected to a bad description
of the X-H bond in the non-hydrogen bonded monomer by the
xc-functional, particularly when X is more electronegative than H,
and not to the nature of the hb formed; i.e., conventional or not
conventional. The latter is corroborated calculating L, that
depends only on quantities obtained from the isolated, non-
hydrogen bonded, molecules. This empirical index combines a
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parameter connected to the strength of the X-H bond (dx_p), and
an estimation of how much charge could be transferred upon
hydrogen bonding (s;(t)), a quantity that depends on the charge
donor/acceptor capabilities of the isolated molecule. Thus, it
seems that for no ex or a small amount of it considered in the
xc-functional, the X-H may be predicted to be too elongated (i.e.
weakened) and with an enhanced capability for accepting charge,
that together with a great ability for donating charge of the N
atom predicted with a given xc-functional, combine to ease the pt
event upon hydrogen bonding. All these characteristics diminish
as the percentage ex included in the xc-functional is increased, up
to a point in which the pt event is no longer feasible. Never-
theless, preventing the pt event by increasing the percentage of ex
tends to deteriorate the description of the hb.

5 Conclusions

Studying the proton translocation along the hb through geo-
metry optimization with DFT, we find that the amount of ex
required to avoid a spurious pt event in the (HXN), dimers is
system, basis set and xc-functional approximation dependent.
Also, it is demonstrated that the spurious pt event is connected to
an inadequate description of the isolated HXN molecule by a
given xc-functional, not to the type of the hb that is expected to be
formed. Once the description of the isolated molecule is
improved by increasing the amount of ex included in the xc-
functional, the spurious pt event is avoided. Still, even though the
pt transfer is avoided, the hb may not be well described by the xc-
functional. Our results may help to elucidate whether a pt event is
spurious or not in DFT studies of more complex systems.
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