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Abstract
Using DFT based molecular dynamics simula-
tions incorporating explicit water solvent, we
elucidate the varying behaviour of the ligand
pKa of a molecular catalyst for methanol dehy-
drogenation, using the Ru(PNP) catalytic sys-
tem as a case study. The pKa of the amido
ligand moiety in this catalytic system is highly
sensitive to the species adsorbed on the metal
center, resulting in a substantial variation of the
ligand pKa along the catalytic cycle. Since the
ligand pKa is an important characteristic that
determines the exact role of the ligand during
aqueous methanol dehydrogenation, this char-
acteristic has important implications on metal-
ligand cooperative pathways.
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Introduction
Aqueous methanol dehydrogenation that in-
volves the conversion of methanol and water
to three equivalents of molecular hydrogen and
one equivalent of CO2 is an attractive method
for the storage and transport of molecular hy-
drogen (H2).1 Recently, several highly active
molecular complexes based on both precious
metals like Ru, Ir2–5 and earth abundant met-
als like Fe, Mn6,7 have been reported for aque-
ous methanol dehydrogenation under mild con-
ditions. An important example is the Ru(PNP)
complex 1 (Scheme 2), that was the first re-
ported molecular complex that could perform
methanol dehydrogenation under mild condi-
tions (90 ◦C, 1 atm) with high activity and se-
lectivity, albeit requiring large amounts of in-
organic base (8M KOH) for optimal activity.2

Most of these catalysts are commonly assumed
to operate via outer-sphere Noyori-Morris type
mechanisms,8–10 involving proton transfer to
the ligand moiety and hydride transfer to the
metal center in the C-H activation step. Simi-
larly, the cooperative action of the ligand pro-
ton and the metal hydride is generally assumed
to be involved in H2 production, resulting in
the regeneration of the catalyst and one equiv-
alent of H2 as shown in Scheme 1a. As aque-
ous methanol dehydrogenation involves the de-
hydrogenation of three molecules: methanol
(MeOH), methanediol and formic acid (FA),
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there are three eq. of H2 generated in the en-
tire reaction, along with the formation of 1 eq.
of CO2. Since the metal (as a hydride accep-
tor) and the ligand (as an internal acceptor
base) act in a cooperative manner in the key
steps of the catalytic cycle, metal-ligand coop-
erativity has been used as an important strat-
egy for the design of active and additive free
methanol dehydrogenation catalytic systems.11

However, in recent years computational studies
have provided evidence that that metal-ligand
cooperativity might not be crucial for some sys-
tems.12–14

For the Ru(PNP) catalytic system addressed
in this work, Meijer and co-workers recently
proposed a modified metal-centered mechanism
as shown in Scheme 1b in solution owing to
the high pKa of the ligand amido moiety at
the associated stage on the catalytic cycle.15

Due to its high pKa in solution, the ligand moi-
ety is not directly involved in reversible pro-
tonation/deprotonation, and therefore cannot
act as an internal acceptor base as proposed
in earlier studies.16,17 The ligand NH moiety
remained protonated throughout the catalytic
cycle (1b) and only seemed to interact with the
reactive species via hydrogen bonding interac-
tions. This picture is supported by the fact that
in the experimental setup, large amounts of a
strong base is needed (8M KOH):.2,17 The pres-
ence of a strong base is required for generating
the methoxide (CH3O−) species, as there is no
deprotonated ligand (N−) acting as an internal
acceptor base.

Scheme 1: (a) Commonly proposed Noyori-Morris
mechanism for aqueous methanol dehydrogenation.
Both the metal (M) as a hydride acceptor and lig-
and (L) are directly involved in the C-H activa-
tion and hydrogen production steps, and (b) re-
vised metal-centered mechanism proposed for the
Ru(PNP) complex 1 where the ligand nitrogen
stays protonated throughout the catalytic cycle
due to its high pKa. The ligand does not directly
participate in the catalytic cycle.

These results suggested that the pKa of the
ligand moiety is an important characteristic,
that determines the exact role of the ligand (as
an acceptor base/hydrogen bond donor) and
the nature of the operating reaction mecha-
nism (metal-centered or Noyori-Morris type).
The importance of the ligand pKa for the na-
ture of the operating mechanism was further
substantiated in a more recent study for the
[Ru(trop)2dad] catalytic system.18

In an earlier study,15 we computed the pKa
of the ligand moiety for one of the complexes
in the Ru(PNP) catalytic system (1-H2O+).
However, as the species adsorbed on the metal
center changes along the various stages of the
catalytic cycle (Scheme 2), one can anticipate
that the pKa of the ligand nitrogen moiety will
also vary along the catalytic cycle. In view of
the previous discussion (vide supra), this im-
plies that it is important to quantify this pKa
variation, in order to assess and understand the
exact role of the ligand along the various stages
of the catalytic cycle.
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Scheme 2: Complexes involved during different
stages of aqueous methanol dehydrogenation cat-
alyzed by the Ru(PNP) complex 1 including (a)
methanol dehydrogenation, (b) formic acid dehy-
drogenation and (c) hydrogen production. The
structure of complex 1-H2O+ is also shown.

Here, we present a computational study using
density functional theory based molecular dy-
namics (DFT-MD) incorporating explicit water
solvent. We elucidate a varying nature of the
ligand pKa (ligand-pKa) along various stages
of the catalytic cycle of homogeneous aque-
ous methanol dehydrogenation, catalyzed by a
Ru(PNP) complex 1. The ligand-pKa appears
to be highly sensitive to the species adsorbed on
the Ru metal center, that is constantly chang-
ing along (various stages of) the catalytic cy-
cle (Scheme 1). Importantly, we argue that
the variability of the ligand pKa has impor-
tant implications on metal-ligand cooperative
pathways, as it is a crucial factor that deter-
mines the exact role of the ligand (either as a
proton donor/acceptor or as a hydrogen bond
donor) during homogeneously catalyzed aque-
ous methanol dehydrogenation. In addition,
the implications of the varying nature of the
ligand on the role of external additives are dis-
cussed.

Computational Methods
Our setup consists of complexes 1-X, where X
= vacant site, OCH3, HCH2O, H, H2, OCHO,

HCOO and H2O as shown in Scheme 2 explic-
itly solvated by 156 water molecules a cubic
periodic box (L = 16.96 Å). The properties
required to compute the ligand pKa were de-
termined from molecular dynamics trajectories
that were generated with Born-Oppenheimer
based DFT-MD as implemented in the CP2K
package.19 The DFT electronic structure was
computed using the BLYP20,21 functional with
Grimme’s D322 dispersion corrections, and us-
ing the hybrid PBE0 functional supplemented
with the D3 dispersion correction. For the
latter the ADMM method as implemented in
CP2K23 was used. The temperature was con-
trolled with a CSVR thermostat24 and set to
360K corresponding to the experimental con-
ditions. Goedecker-Teter-Hutter (GTH) pseu-
dopotentials were used to account for the inter-
actions of the valence electron with the nuclei
and core electrons.25 Triple ζ basis sets were
used for all atoms except ruthenium, where a
double ζ basis set was used. A plane wave cut-
off of 280 Ry was used in all calculations. Note
that if X = vacant site, H2 or H2O the com-
plexes are cationic (charge = +1), while they
are neutral in all other cases.

The central quantity of interest for the
present study is the ligand pKa. These were
determined from DFT-MD simulations that are
outline above. Here it is important to note that
the simulations represent a realistic setup in-
corporating thermal motion and an explicit de-
scription of the aqueous solvent. This setup
yields true free energies, including both the en-
ergetic (enthaplic) and entropic contributions.
In this regard, we note that the typical accu-
racy of using such a model for pKa estimations
is around 1-2 pKa units.26–29

To determine the pKa, we employ the
insertion-deletion technique (I-D) developed
by Sprik and co-workers that combines DFT-
MD and thermodynamic integration for the
computation of the ligand pKa of these com-
plexes.27,30,31 In the I-D technique, the pKa
is obtained by considering transfer of the pro-
ton from the NH-species to aqueous solution
in the two separate stages (Figure 1a). In the
first step, the free energy associated with re-
moving (deleting) the proton from the ligand
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nitrogen is determined. This is implemented
by converting the ligand proton (NH) to a
(non-interacting) dummy atom (Nd−). The
free energy change is determined by calculat-
ing the vertical energy gap (∆E) along the
deletion pathway from DFT-MD trajectories.
In the second step, the free energy associated
with introducing the proton in the aqueous
part of the system that is spatially far away
from the catalyst is computed. In line with the
deletion step, this is done by inserting a (non-
interacting) dummy atom that is converted into
a proton. The pKa value is the difference in the
absolute deprotonation free energy for the acid
under consideration and the solvated proton
(modeled as a H3O+. Note that we have used a
variation of the original I-D method (the pro-
ton transfer variant), not inserting the proton
in a reference system consisting of only water
molecules. A similar approach was also used in
previous studies,32,33 and suppresses spurious
contributions to the calculated pKa that arise
if the “deletion” and “insertion” systems differ
substantially.31,34 The I-D technique has been
successfully used to estimate the pKa values
of a variety of compounds including organic
molecules,27amino acids,28 TiO2

32 and Fe2O3
33

with accuracies of around 1-2 pKa units com-
pared to experimental values (where available).

In order to validate the I-D method for pKa

estimations for transition metal complexes, we
considered it useful to estimate the pKa of
a Ru based water oxidation catalyst complex
([Ru(II)Py5OMe(H2O)]2+) with a known exper-
imental pKa (in water) equal to 11 units.29,35

Our obtained value of 9 pKa units for this com-
plex using the I-D method provides a first in-
dication that the accuracy of this method for
transition metal complexes is ≈ 2 pKa units,
similar in magnitude to other systems investi-
gated with this technique.27,28 Further details
of the calculation is provided in the Supporting
Information (SI).

The thermodynamic scheme employed in the
I-D technique for the pKa calculation along
with a snapshot of the simulation box used for
the calculations is shown in Figure 1.

Figure 1: (a) Thermodynamic cycle used in
the calculation of the deprotonation free energy
(∆ptANH) and the resulting pKa with the insertion-
deletion technique modeled as a proton transfer
reaction. Here, d represents the non-interacting
dummy atom, and (b) A representative snapshot
of the simulation cell used in the insertion-deletion
simulations for complex 1-vacant+. The ligand
proton and the dummy atom on a solvent water
molecule are enlarged and highlighted in grey.

The crucial step in Figure 1a is the proton
transfer involving the deprotonation of the lig-
and amido moiety:

≡NH(aq) + H2Od(aq) → ≡Nd−
(aq) + H3O+

(aq) (1)

Here “d” indicates the non-interacting
dummy atom. The expression to evaluate the
free energy ∆ptANH for the reaction 1 is given
by:

∆ptANH =
∫ 1

0

∂A(η)
∂η

dη =
∫ 1

0
〈∆E〉ηdη, (2)
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where
∆ptENH = E1 − E0 (3)

and
Eη = (1− η)E0 + ηE1 (4)

In equations 2-4, η is the coupling parameter
which can take values from 0 to 1. Here, η = 0
corresponds to the system with the protonated
state of the ligand (≡NH) and H2Od, while
η = 1 corresponds to the system with a de-
protonated ligand (≡Nd−) and the hydronium
ion (H3O+), and intermediate values of η corre-
spond to a mixture of these states. The vertical
energy gap ∆ptENH is calculated directly from
the DFT-MD simulations, where E0 is the po-
tential energy surface (PES) of the system with
η = 0, while E1 is the PES of the system with
η = 1. The PES for a given value of η is de-
fined by the mapping potential Eη in equation
4. The final expression used in the calculation
of the ligand pKa is:

pKa = 1
kBT ln 10

(
∆ptANH + ∆AH3O+

)
(5)

∆ptANH = 5
18
(
〈∆ptENH〉0.1127 + 〈∆ptENH〉0.8873

)
+ 4

9〈∆ptENH〉0.5 (6)

Here, ∆ptANH is evaluated using thermody-
namic integration according to equation 2. To
evaluate the integral given in equation 2, we
employ the Gauss-Legendre quadrature (equa-
tion 6) using three values of η (0.1127, 0.5
and 0.8873) to numerically evaluate the in-
tegral. The advantage of using the Gauss-
Legandre quadrature is that it does not con-
sider the (problematic) end points (i.e. η = 1)
in the integral evaluation, in addition to having
a higher numerical accuracy than other integra-
tion schemes, as discussed in an earlier study
by De Meyer and co-workers.36 For each value
of η, a ≈ 10-15 ps equilibration followed by
≈ 30-40 ps production run is performed. The
term ∆AH3O+ is the correction for the standard
translational free energy of the proton and is
a constant value equal to -0.19 eV (-3.2 pKa

units). Note that the free energies associated
with the dummy atom insertion (∆ANd and
∆AH2Od) in Figure 1a and quantum corrections
(∆Aqc) are typically small as shown in previous
studies (≈ 0.5-1 pKa units).28,32 In the present
study they are neglected. Snapshots from the I-
D simulations corresponding to η = 0.1127 and
η = 0.8873 for the 1-vacant+ species are shown
in Figure 2a,b. Based on these snapshots, it is
clear that η = 0.1127 is representative of the sit-
uation corresponding to the protonated amido
ligand moiety (NH) where the ligand donates
a hydrogen bond to a solvent water molecule
(Figure 2a), while η = 0.8873 is representative
of the deprotonated amido ligand moiety (Nd−)
where it is seen accepting a hydrogen bond from
a solvent water molecule (Figure 2b). In addi-
tion, the values of ∆E, and its time average, for
the three values of η used to obtain ∆ptANH for
1-vacant+ is shown in 2c. Note that a number
of constraints had to be enforced in order to
sample well-defined protonated (NH) and de-
protonated (Nd−) states of all the complexes
in this study. Further details on these aspects
and the time-averaged ∆E plots used to calcu-
late pKa-ligand for all complexes considered in
this study are provided in the SI.
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Figure 2: Representative snapshots correspond-
ing to (a) η = 0.1127 and (b) η = 0.8873 in
the insertion-deletion simulations for complex 1-
vacant+. For η = 0.1127, the ligand moiety do-
nates a hydrogen bond to a solvent water molecule,
while for η = 0.8873 the ligand moiety accepts a
hydrogen bond from a solvent water molecule, (c)
Running average of the vertical energies (∆E) for
different values of η (0.1127, 0.5 and 0.8873) used to
compute the pKa-ligand for complex 1-vacant+.
Instantaneous values of ∆E are shown in grey and
exhibit large fluctuations, therefore requiring rela-
tively long DFT-MD simulations. Color coding in
this study: Ru (pink), O (red), N (blue), C (black)
and H (silver).

Results and Discussion
For the Ru(PNP) catalytic system, the com-
plexes that are involved during various stages
of the catalytic cycle for aqueous methanol de-
hydrogenation are shown in Scheme 2. The
ligand pKa in solution (pKa-ligand) for these
complexes, computed using the I-D technique
in combination with a Gauss-Legendre quadra-
ture (Equation 6), is shown in Figure 3. Evi-
dently, pKa-ligand is strongly dependent on the
nature of species adsorbed on the metal center,
i.e. X. From Figure 3, the variation in the lig-
and pKa as a function of the species adsorbed
on the metal center (X) is ≈ 10 units (rang-
ing between 17-27). Since these complexes are
all present in the catalytic cycle, the large vari-
ation of the pKa-ligand indicates that its vari-

ability is an important characteristic of the cat-
alytic cycle. Complex 1-vacant+ has the low-
est pKa-ligand = 17.4±0.5, indicating that the
deprotonation of the amido moiety is the easiest
when there is no species adsorbed on the metal
center, i.e X = vacant. As soon as a species
(X) is adsorbed on the Ru metal center result-
ing in complexes 1-OCH3, 1-HCH2O, 1-H, 1-
H2

+, 1-H2O+, 1-OCHO and 1-HCOO, there
is a large increase in pKa-ligand (Figure 3),
indicating that these 18 valence electron com-
plexes are very stable species, as observed in
our previous study.15 Importantly, the resting
species of the catalytic cycle for the Ru(PNP)
system: 1-OCH3 has a very high pKa-ligand
= 24.8± 0.5, indicating that the deprotonation
of the amido ligand moiety is unlikely even un-
der very basic conditions present in experiments
(8M KOH). These observations are consistent
with our previous work15 where we found that
the amido ligand moiety does not participate
actively along during the entire catalytic cy-
cle for methanol dehydrogenation, in contrast
to its commonly assumed role as reversible pro-
ton donator/acceptor in the Noyori-Morris type
mechanisms 1a.

In order to assess the effect of inaccuracy
due to the approximate nature of the exchange-
correlation (XC) functionals on the computed
pKa-ligand, we also determined the pKa-ligand
for complex 1-vacant+ using a hybrid (PBE0)
functional. We find a good agreement (within
2 pKa units) between the BLYP-D3 and PBE0-
D3 values for this complex (see SI for more
details) indicating that the calculated pKa-
ligand values are not very sensitive to the level
of theory employed, consistent with an earlier
study.27
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Figure 3: Calculated pKa-ligand in increasing or-
der as a function of the nature of species (X) ad-
sorbed on the Ru metal center for the complexes in-
volved during aqueous methanol dehydrogenation
catalyzed by the Ru(PNP) catalytic system.

To provide a clear picture of the variation in
pKa-ligand along the catalytic cycle, we plot
the pKa-ligand as a function of the progress of
the catalytic cycle involving methanol (MeOH)
dehydrogenation, formic acid (FA) dehydro-
genation and H2 production (Scheme 2a-c) in
Figure 4.

Figure 4: Calculated variation of the pKa-ligand
along the catalytic cycle for MeOH dehydrogena-
tion, FA dehydrogenation and H2 production for
the Ru(PNP) complex in aqueous solution.

Our findings on the variable nature of the
pKa-ligand can provide important novel in-
sights on the the importance and nature
of metal-ligand cooperativity. In the origi-
nally proposed bifunctional Noyori-Morris type
mechanism,10,37 the metal and ligand act in a
cooperative manner in the key steps involving
C-H activation and hydrogen production during
methanol dehydrogenation (Scheme 1a). The

metal acts as a hydride acceptor and the ligand
acts as an internal acceptor base that is in-
volved in reversible protonation/deprotonation.
For the Ru(PNP) complex, we found a metal-
centered mechanism distinct from the Noyori-
Morris mechanism owing to the high proton
affinity of the ligand amido moiety.15 This is
further validated in the current study, where
most complexes along the catalytic cycle have
a high pKa-ligand (> 20), indicating that the
amido ligand is unlikely to be directly involved
in the C-H activation and hydrogen production
steps via reversible protonation/deprotonation.
Since the pKa-ligand is highly sensitive to the
chemical nature of the species adsorbed on the
metal center, this may imply that the ligand
can participate directly (via reversible proto-
nation/deprotonation) in some stages of the
catalytic cycle, while it does not participate
directly in other parts of the catalytic cycle,
depending on the magnitude of pKa-ligand.
This is a novel notion, that can be of signif-
icant importance in new design strategies for
catalysts, as a ligand pKa can be a determin-
ing factor in the mechanism and energetics of
the catalytic cycle. In our view, these findings
demonstrate the importance of considering the
pKa-ligand and its variability along the cat-
alytic cycle as an important characteristic in
the study and design of molecular catalyst for
(de)hydrogenation reactions in protic environ-
ments. Our study also demonstrates that it is
important to assess the pKa of the potential
proton donating/accepting ligand along the
full catalytic cycle. Limiting oneself to a single
stage of the catalytic cycle, e.g complex 1-
OCH3 (the resting state) with the assumption
that the other complexes in the catalytic cycle
have a similar pKa-ligand might provide an in-
complete and possibly a misleading picture of
the reaction mechanism.

In a recent work, Beller and co-workers used
density functional theory calculations to ad-
dress the role of an inorganic base (KOH) in
aqueous methanol dehydrogenation catalyzed
by the Ru(PNP) complex 1.17 They proposed
that the role of the base is to help in the de-
protonation of the ligand NH moiety that re-
sults in an anionic pathway involving the lig-
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and N− during the key C-H activation step that
has a lower barrier compared to the previously
proposed (neutral) pathways involving the NH
moiety.16 However, in our previous work based
on DFT-MD simulations, we concluded that the
ligand amido moiety for the Ru(PNP) system
had a high pKa in solution, and therefore the
anionic pathway is unlikely to operate under
catalytic conditions as the deprotonation of the
amido moiety from complex 1-OCH3 even by
a strong base like OH− is highly endergonic (∆
G = +12.3 kcal mol−1).15 While the high pKa-
ligand for all the complexes belonging to the
Ru(PNP) catalytic system considered in this
work further support our previous observations,
it is interesting to note that due to the dynamic
nature of the pKa-ligand, there could be parts
in the catalytic cycle where the pKa-ligand is
low enough for deprotonation by a base like
OH−, in which case the base can play a direct
(positive) role in the catalytic cycle by trigger-
ing the anionic pathway. This is particularly
important in the case of the aqueous methanol
dehydrogenation reaction that involves a num-
ber of stages including methanol and formic
acid dehydrogenation (Scheme 2), and it can
be beneficial in understanding the exact stages
where an external base can affect the reaction.
Therefore, in addition to the need to accurately
estimate and consider the dynamic nature of
the pKa-ligand to understand the exact role of
the ligand in the reaction mechanism, it can
also be used to understand the role of exter-
nal additives like OH− in various stages of the
catalytic cycle during aqueous methanol dehy-
drogenation.

Conclusion
In summary, we have used DFT based molec-
ular dynamics with an explicit description
of the aqueous solvent to elucidate the sub-
stantial variability of the pKa of the ligand
amido moiety along the catalytic cycle of aque-
ous methanol dehydrogenation catalyzed by a
Ru(PNP) molecular complex. We find the pKa
of the ligand to be strongly sensitive to the na-
ture of the adsorbed species on the metal cen-

ter along the catalytic cycle. For the complexes
involved in the Ru(PNP) catalytic system, the
variation in pKa-ligand is ≈ 10 units, with most
complexes having a high pKa-ligand (> 20).
The substantial variability of the ligand pKa
has important implications on metal-ligand co-
operative pathways, as it is a crucial factor that
determines the exact role of the ligand (either
as a proton donor/acceptor or as a hydrogen
bond donor) during homogeneously catalyzed
aqueous methanol dehydrogenation. In addi-
tion, the implications of the varying chemical
nature of the ligand on the role of external addi-
tives are discussed. We anticipate that our find-
ings can motivate future computational and ex-
perimental studies for accurate ligand pKa esti-
mations of complexes involved in homogeneous
(de)hydrogenation reactions, and may provide
new directions for the rational design of molec-
ular catalysts in protic solvents.
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(3) Rodŕıguez-Lugo, R. E.; Trincado, M.;
Vogt, M.; Tewes, F.; Santiso-
Quinones, G.; Grützmacher, H. Nat.
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