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The interaction between hydrogen bond donors and platinum
has been analysed. Our results point to an interaction that
can be entirely predicted from the dz* orbital energy of the
platinum centre indicating strong charge transfer, with
significant dispersion contribution to the bonding, very
different from classical hydrogen bonds.

Platinum is one of the most commonly used metals for catalysis, due
to its combination of high stability against oxidation and high
catalytic activity. There are many applications where the interaction
of platinum with the solvent is highly important such as in fuel cell
electrode dissolution.'***° To fully understand these processes the
interaction with water and other hydrogen bond donors is crucial.
Computational chemistry can provide insight into these types of
interactions complementing the information obtained by
experimental techniques, and this knowledge will make predictions
of the structure and reactivity of platinum easier.

Hydrogen bonds are unusually strong intermolecular interactions
which have intrigued chemists since their discovery.® This
interaction plays a key role in many chemical and biological systems
and it has classically been described as the interaction between a H
atom bound to an electronegative residue (X-H) and a region with
high electron density (a lone pair of electrons, a © molecular orbital
or a ¢-bonding pair) (Figure 1). However, it has been observed that
transition metals can also participate in hydrogen bonds, despite the
electropositive nature of these elements.”® In 2011 an ITUPAC Task
Group recommended a modern evidence-based definition of
hydrogen bonding.’ It is described as an attractive interaction
between a hydrogen atom from a molecule or a molecular fragment
X-H in which X is more electronegative than H, and an atom or a
group of atoms in the same or a different molecule, in which there is
evidence of bond formation. This short definition is followed by a
list of criteria, which can be used as evidence for the presence of the
hydrogen bond, being the first one related to the forces involved in
the formation of the hydrogen bond. These forces include those of an
electrostatic origin, those arising from charge transfer between the
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donor and acceptor leading to partial covalent bond formation
between H and Y, and those originating from dispersion.
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Figure 1. Hydrogen bond (left) and non-classical hydrogen bond,
where a metal acts as hydrogen bond acceptor (right).

In the last few years a few papers have appeared reporting that
platinum(II) complexes bind to water molecules via the hydrogen,
with platinum acting as a hydrogen bond acceptor.'® Also on Pt(111)
surface, H,O has been found to bind to Pt both through H and O
atoms.'' In ab initio molecular dynamics simulations by Lledos et al.
the radial distribution functions showed an unusually short Pt-H
average distance.'” Neutron diffraction studies of the platinum
complex trans-[PtCl,(NH;)(N-glycine)]-H,O, showed that a water
molecule points its hydrogen towards the axial position of the
platinum center.'® The authors performed calculation at the HF and
MP2 level and they only found a bonding interaction when MP2 was
used. It was concluded that the interaction was driven by London
dispersion, since Hartree-Fock cannot describe electron correlation
and dispersion is a medium to long range interaction originating
from the correlated motion of electrons. This explanation is
problematic for several reasons. Firstly, if dispersion is driving the
interaction why would water not point the oxygen towards the
platinum centre? This would result in similar strength of the
dispersion interaction while the electrostatic interaction should be
greatly favoured. Now the positive positive Coulomb interaction
would be replace by a positive negative one. Secondly, the
interpretation that dispersion comes last is based on the way the
methods are created. One could, at least in principle, imagine a
method where orbital overlap was not included but dispersion was,
and upon inclusion of orbital overlap the interaction changed from
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non-bonding to bonding. This would not mean that dispersion was
less important for the bonding compared to orbital overlap. Finally,
the difference between MP2 and Hartree-Fock does not necessarily
need to stem from London dispersion but could be due to charge
transfer correlation. In fact, more recently it has been suggested that
the O-H:--Pt interactions in both trans-[PtCl,(NH;)(N-glycine)]-H,O
and [NBu,][Pt(C¢Fs);(8-hydroxyquinaldine)] complexes are mainly
closed-shell in nature with significant charge transfer based on
B3LYP/6-311++G** calculations together with the atoms in
molecules (AIM) theory and the NBO method.'* In a very recent
paper the water-to-Pt(II) interaction has been analysed for several
neutral platinum complexes with various polar ligands in their cis
and trans configurations at MP2 level, using the AIM theory and the
topological analysis of the electron localization function (ELF) to
characterize the interaction.'® It was concluded that the stabilization
energy is dominated by a dispersive component for all the
complexes. However, the charge transfer from the complex to the
water molecule and the Laplacian of the density at the bond critical
point between water and Pt are identified as interesting AIM
descriptors of this H-bond. There are several more recent theoretical
works on this topic,'®'7 but it is clear that the nature of this non-
conventional H-bond remains controversial.

In this report we use three different strategies to analyse the nature of
the non-classical hydrogen bonds to platinum: (1) In silico chemical
modification to see bonding/property relationships, (2) analysis of
the wavefunction using NBO and ALMO-EDA to decompose the
interactions and (3) vibrational frequency analysis of different
hydrogen bond donors and comparison with typical hydrogen bonds.

¢

Figure 2. Non-classical hydrogen bond between CI-H and trans-
bisammine-dichlorido platinum(IT) (left) and complex dz2 orbital

(right).

As a model to simplify our analysis we chose HCI as the initial
hydrogen bond donor. Its linear geometry makes it easier to
decompose the different interactions compared to a non-linear
molecule such as water. When we calculate the potential energy of
interaction between HCl and  frans-bisammine-dichlorido
platinum(IT) (Figure 2) using B3LYP we find a significant negative
interaction energy. B3LYP is known for being incapable of
describing purely dispersive interactions and we find this as a first
indication that the interaction is not solely driven by dispersion. We
modified the ligands on the platinum complex as it is described in
Figure 3 and Table 1 and, using the M06 functional, which has been
found to be capable of describing midrange dispersion, we found
strong correlation (r* = 0.94) between the interaction energy between
the fragments and the energy of the dz’ orbital of the platinum
fragment (Figure 4 top). This correlation indicates that charge
transfer from this orbital is important for the binding energy.
Interestingly, we found no correlation between the partial charge and
the energy of interaction. One extreme is the complex trans-
bisammine-difluoro platinum(Il) (Entry 11 in Table 1), which has a
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high partial charge on the platinum due to the strongly
electronegative fluorido ligands, but where the dz* energy is high

due to dq-pg-repulsion. This complex was found to have among the
strongest interaction with HCI, despite the large positive charge on
platinum.

Reasoning that the total dispersion interaction in the series of
complexes is close to the D3 dispersion correction for B3SLYP by
Grimme, we plotted this D3 interaction energy against the total bond
energy (Figure 4 bottom). The correlation is very poor with an r*
value of 0.38. One could see a tendency that the more strongly
interacting complexes also have stronger dispersion interaction;
however, some complexes with almost identical interaction energy
have very different dispersion interactions. We see this as an
indication that dispersion might not be the main driving force of the
interaction, although it is always present and a substantial
contribution to all complexes.
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Figure 3. Model employed to study the interaction with HCI.

Table 1. Partial charge on Pt (a.u.), energy of the dz* orbital (a.u.),
D3 dispersion correction for B3LYP interaction energies (kcal mol-
1) and M06 energy of the interaction of for the different Pt complex
with HCI (kcal mol-1)

Label X L NPA Ed,’ D3 Eint
1 CH; NH; 0522 -0211 -426  -9.61
2 CN CO 0392 -0364  -3.00 0.88
3 CN NH; 0539 -0287 -3.66 -3.13
4 CN PH; 0.8 -0.305 -4.03  -2.91
5 OH NH; 0.745 -0233 -3.62  -6.11
6 Br NH; 0419 -0266 -401  -5.11
7 Br  PH; 0.050 -0283 -450  -4.66
8 Cl CO 0381 -0339 316  -0.84
9 Cl  NH; 0536 -0262 -3.84  -5.19
10 cl PH; 0171  -0281  -429  -4.61
11 F NH; 0.875 -0.248 -327  -533
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Figure 4. Plots of dz* orbital energy (top) and D3 dispersion
correction to B3LYP interaction energies (bottom) versus the energy
of interaction for the different platinum complexes described in
Table 1 and HCL.

Next we look at the interaction of trans-bisammine-dichlorido
platinum(II) complex with different hydrogen bond donors (Figure
5). We used the series HF, HCI, HBr, and HI. For classical hydrogen
bonds with acceptors such as water the bond energy decreases over
the series HF>HCI>HBr>HI. For hydrogen bonding to platinum a
clear trend is not seen. The interaction is calculated to be around 5
kcal mol™ for all hydrogen halides. This difference in the interaction
compared to regular hydrogen bonds we believe is an indication that
the interaction with metals has a different composition.

M Interaction Energy

B D3 correction

E (kcal mol?)
w

HF HCI HBr HI

Figure 5. Energy of the interaction of trans-bisammine-dichlorido
platinum(IT) complex with different hydrogen bond donors at M06
level (blue) and D3 correction to B3LYP interaction energy (red).
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Figure 6. Energy of the interaction of frans-bisammine-dichlorido
platinum(II) complex with HCI (H atom pointing Pt), CIH (Cl atom
pointing Pt) and H,O (H atom pointing Pt) at M06 level (blue). D3
correction to B3LYP interaction energy (red).

The energy of the interaction between HCI and trans-bisammine-
dichlorido platinum(I) has been calculated to be -5.2 kcal mol™.
This interaction is more than 3 kcal mol™" more favorable than the
interaction of the complex with the same molecule when Cl is
pointing to platinum (Figure 6). Nevertheless, the dispersion
correction has been found to be very similar for both interactions.
The hydrogen bonded water complex was found to have a similar
interaction energy and distribution between total binding and
dispersion correction to that of HCI, however, slightly lower for both
components. We have also optimized a water complex with the
oxygen pointing to the metal centre, which had to be enforced by
locking the Pt-O-H angles to 109°. As for the HCl complex the
hydrogen bonded complex the bond energy is lower, however for
water the interaction vanishes (+0.1 kcal/mol). However, again the
dispersion interaction is close to that of the hydrogen bonded
complex. Results from an Absolutely Localized Molecular Orbital
Energy Decomposition Analysis (ALMO-EDA) are shown in figures
7 and 8. For the interaction of trans-bisammine-dichlorido
platinum(II) complex with different hydrogen bond donors we find
that despite the total interaction energy being close to identical for
all donors, the components of the interactions are different (Figure
7). In the HF complex the charge transfer term is -4.66 kcal mol™,
which changes to -7.66 and -9,14 kcal mol™ in the HCI and HBr
complexes, respectively. Simultaneously the frozen density
interaction, the interaction between the two fragments before
polarization and charge transfer, increases in the series
HF<HCI<HBE, leading to a very similar total interaction. When we
compare the components with those of normal hydrogen bonds,
where the acceptor is water, the picture is very different (Figure 8).
The interaction energy decreases in the series HF>HCI>HBr, while
the charge transfer component in the ALMO-EDA is close to
constant. The main difference is instead in the frozen density
interaction and the polarization interaction, both favoring the H20-
HF complex.
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Figure 7. ALMO-EDA results for the interaction of trans-
bisammine-dichlorido platinum(II) complex with different hydrogen
bond donors: frozen density interaction (Frz, blue), polarization
interaction (Pol, red), Charge transfer term (CT, green) and total
interaction energy (Total, brown).
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Figure 8. ALMO-EDA results for the interaction of water with
different hydrogen bond donors: frozen density interaction (Frz,
blue), polarization interaction (Pol, red), Charge transfer term (CT,
green) and total interaction energy (Total, brown).

Finally we compared the shift of the H-X stretching frequency for
HF, HCI and HBr after interacting with frans-bisammine-dichlorido
platinum(IT) and with water. An interaction with significant charge
transfer should give a large red shift due to weakening of the c-bond
from donation of electrons into the c*-orbital. Electric fields are also
known to give significant shifts,'® while dispersion interactions only
have minor impact on the vibrational frequency.'® We calculated the
shifts of the H-X vibrational frequencies and found these to be quite
substantial and larger for complexes with higher charge transfer
contributions. Again the trend differs substantially from the water H-
X complexes.

Table 2. H-X stretching frequency for different hydrogen bond
donors taking part in an non-classical H-bond with trans-bisammine-
dichlorido platinum(II) complex as H-bond acceptor (second
column) or in a normal H-bond with water as H-bond acceptor (third
column).

HX H-X vibrational H-X vibrational
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frequency shift (cm-1)  frequency shift (cm-

Pt-HX 1) H,O-HX
HF 253 (-6.1%) 281 (-6.7 %)
HCI -370 (-12.5%) 226 (-7.6%)
HBr -332 (-12.7%) -140 (-5.4%)
Conclusions

We have presented a series of analyses of hydrogen bonds to
platinum(II) centres. They all point towards charge transfer
being the driver for the interaction.

1. Strong correlation between the dz’ orbital and the total
interaction energy indicates that charge transfer from this
orbital to the anti-bonding orbital of the hydrogen bond donor is
important. The extent of the interaction can hence be predicted
from the energy of the dz” orbital.

2. The directionality of the interaction of the Pt-HCI bond is
quite strong. If only dispersion was responsible for the
favourable interaction one would expect the opposite
directionality, Pt-CIH, since this would have a favourable
electrostatic interaction.

3. Poor correlation between the D3 dispersion correction and
the interaction energy indicates that dispersion is a consequence
of the close contact, however, not the driving force. The
interaction energy of an unknown complex cannot be predicted
from the extent of the dispersion interaction.

4. ALMO-EDA analysis shows that charge transfer is a major
interaction between metals and hydrogen bond donors. As
expected for an interaction dominated by charge transfer the
total interaction does not decrease when changing the hydrogen
bond donor from the polar HF to HCI and HBr. For typical
hydrogen bonds between hydrogen halides and water the
interaction energy decreases significantly in as the polarity of
the HX molecule decreases, likely due to the large electrostatic
component of the interactions.

5. The vibrational energy shifts of the H-X fragments indicate
large charge transfer. The water-HX interactions also show
significant shift, however, this is likely to be largely due to the
electric field of water. If dispersion was the only favorable
interaction one would not expect the large shift as observed
here.

All these point show that the interaction between platinum(II)
and hydrogen bond donors is driven by charge transfer, and that
the extent of the interaction can be predicted from the amount
of charge transfer. Dispersion is important but it is merely a
consequence of the close contact, which is crucial for
understanding of how to manipulate these interactions. Prior
theoretical ~ studies  studies on  trans-[PtCl,(NH;)(N-
glycine)]*H,0 indicated that charge transfer was important in
the hydrogen bonding.'*'* However, while electronic density
decomposition schemes can give insight in different
interactions they do not necessarily help with the understanding
of which of the interactions that can be manipulated in order to
change the interaction.
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