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New light on an old debate: does the RCN–PtCl2
bond include any back-donation? RCN←PtCl2
backbonding vs. the IR νCuN blue-shift dichotomy
in organonitriles–platinum(II) complexes. A
thorough density functional theory – energy
decomposition analysis study†‡

Girolamo Casella, *§a,b Célia Fonseca Guerra, c,d Silvia Carlotto, e

Paolo Sgarbossa,f Roberta Bertanif and Maurizio CasarinQ1 e

For a series of organonitrile [RCN (R = Me, CF3, Ph, CH3Ph, CF3Ph)] ligands, the nature of the N–Pt bond

in the related cis-/trans-(RCN)2PtCl2 complexes has been computationally investigated by Density

Functional Theory. A fragment based bond analysis has been performed in the canonical Kohn–Sham

molecular orbitals framework, and it has been ultimately assessed that this bond is characterized both by

N→Pt σ and by N←Pt π contributions. Voronoi Deformation Density charges further confirms the occur-

rence of N←Pt π interactions. Moreover, the Energy Decomposition Analysis-Natural Orbital for Chemical

Valence (EDA-NOCV) method shows that the strength of the N←Pt π interaction is not negligible by con-

tributing to about 30–40% of the total orbital interaction. Finally, the well-known νCuN blue-shift occur-

ring upon coordination to PtII, has been thoroughly investigated by exploiting the EDA-NOCV and by eval-

uating νCuN and force constants. The origin of the νCuN blue-shift in these systems has been discussed

on the basis of the CN bond polarization. N←Pt π backbonding causes only a systematic decrease of the

observed νCuN blue-shift when compared to the one calculated for RCN–X (X = H+, alkaline, earth-alka-

line and transition metal ions, Lewis acids) herein reported (X = purely σ acceptors.

Introduction

Organonitrile ligands (RCN) are a class of reactants used to
synthesize important compounds, by means of nucleophilic
and electrophilic additions as well as dipolar cyclo-addition,
either for laboratory or for industrial applications.1–6 A well-
known drawback of the organonitriles’ chemistry lies in their
inertness as free ligands, and the enhancement of their reac-
tivity is still one of the most pursued goals, by means of both
theoretical and experimental approaches.1–3,6–10 Despite the
choice of suitable R groups contributing to activate the CuN
triple bond, greater activation may be achieved through the
formation of organonitrile complexes with suitable transition
metals (TMs).1–3 Incidentally, both approaches may be
exploited at the same time, thus organonitriles’ reactivity may
benefit both contributions.

As a rule, both strong electron-acceptor R groups and/or
TMs in relatively high oxidation states contribute to improving
nucleophilic or dipolar cyclo-addition reactions, while, e.g.,
electron rich, low oxidation state TMs may favor electrophilic
substitutions.1–3

†We wish to dedicate this work to the memory of Prof. Rino A. Michelin and his
enduring human and scientific legacy.
‡Electronic supplementary information (ESI) available. See DOI: 10.1039/
c9dt02440a
§G. C. made this work during his leave of absence period at the Prof. Maurizio
Casarin research group at the Università degli Studi di Padova.
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Concerning organonitrile–PtII complexes (RCN–PtII),
Density Functional Theory (DFT) theoretical studies have
proven to be a useful tool for nucleophilic, electrophilic and
cyclo-addition reactions, allowing not only the distinction
between kinetic and thermodynamic effects, but also their
quantitative estimation.7–9 However, the roles and contri-
butions of R groups and TMs’ centers on the reactivity of orga-
nonitriles cannot be sometimes simply explained as the
straight result of heuristic considerations; in fact, the same
contributions, e.g., metal size or charge, R group, etc., may
differently affect the final reaction outcome of similar RCN–
PtII intermediates, mainly due to mechanistic issues.3,8

In general, numerical experiments confirmed how the
increased reactivity of coordinated organonitriles matches well
with the energy position of the relevant Highest Occupied
Molecular Orbital (HOMO) and the Lowest Unoccupied
Molecular Orbital (LUMO) in the corresponding Pt(II)
complexes.2,7,8 As such, it is well known that, after coordi-
nation, the LUMO of the organonitriles is lowered in energy,
causing an increase in RCNs’ Lewis acidity while, in some
cases, the HOMO may increase its energy, thus increasing the
Lewis basicity of the coordinated ligands.2,8,11

Infra-Red (IR) spectroscopy has been always a valuable tool in
organonitrile chemistry to assess some structural and reactivity
properties of coordinated RCN–X nitriles (X = transition metals,
alkali, and alkaline earth cations, BF3, BCl3, H

+). Besides to give
proof of the N–X bond formation, observation of the νCuN blue
(red)-shift, also indicates that the coordinated nitriles can be
subjected to nucleophilic(electrophilic) addition reactions.1

The occurrence of the νCuN blue(red)-shift in coordinated
organonitriles has been rationalized in terms of the competi-
tive effects arising from the σ/π donation/backdonation, which
in turn causes a decrease/increase of the antibonding σ*/π* CN
orbitals’ population, respectively.1,3,24

An old debate about RCN–PtII complexes concerns the experi-
mental proof of the N–PtII bond formation after the synthesis of
the desired RCN–PtII intermediate. It is well known that the
CuN vibrational (νCuN) frequency experiences a hypsochromic
shift (blue-shift) upon the coordination of RCN to PtII.12–14

Moreover, the νCuN blue-shift has been observed, and con-
firmed computationally14–18 with results pointing to the
leading role played by the force constant (kCuN) increasing
also for several RCN–X (X = transition metals, alkali, and alka-
line earth cations, BF3, BCl3, H

+) species.15–18

The explanation of this behavior based solely on the σ/π
donation/backdonation orbital interaction model discussed
earlier, would imply the lack of any N←Pt π back-donation, or
at least the occurrence of such interaction which cannot over-
come the effect of the N→Pt σ donation.1

To the best of our knowledge few computational studies on
the nature of the N–Pt interaction have been reported so far.
Concerning the N–Pt0 bond, for systems with NH3

20 or
N-heterocyclic carbene ligands (NHC),21 the occurrence of a
non-negligible N←Pt0 π back-donation has been systematically
reported. Conversely, for bis-acetonitrile(-benzonitrile)–PtIICl2
complexes, theoretical studies on the nature of the N–PtII

chemical bond always pointed to the lack, or to a very poor
π-acceptor capability, of nitrile ligands.14a,22–24 Indeed, this be-
havior seems to be in line with the poor accepting electron
density capability of organonitrile ligands with respect to
other unsaturated common ligands, such as CNR or CO.24

Nonetheless, the π-acceptor capability of these ligands has
been only qualitatively inferred so far by topological investi-
gations of the electronic density distribution, charge decompo-
sition analysis,22–24 and composition and overlap intensities of
the molecular orbitals involved in the N–PtII bond.14a

On these grounds, we deemed: (i) to deeply investigate, by
combining the DFT bond analysis in the canonical Kohn–
Sham Molecular Orbitals (KS-MO) framework, Voronoi
Density Deformation (VDD)25 charges, combined Energy
Decomposition Analysis26–29 and Extended Transition State-
Natural Orbital for Chemical Valence30,31 (from now on
EDA-NOCV) methods, the nature and the strength of the inter-
actions characterizing the N–PtII bond, to get a definitive quan-
titative picture of the bonding interactions, and (ii) to study
the ensuing effects on the CuN bond upon coordination, in
order to shed ultimate light on the aforementioned discussed
N←Pt π back-donation vs. νCuN blue shift dichotomy.

In the forthcoming discussion, a series of PtII complexes
with acetonitrile (ACN) and benzonitrile (PhCN), already
characterized experimentally,14 and some analogous substi-
tuted model ligands, namely: trifluoroacetonitrile (CF3CN),
4-methylbenzonitrile (p-tolunitrile: p-TOL) and 4-(trifluoro-
methyl)benzonitrile (p-TFM) (see Fig. 1) will be tackled to
investigate the potential role of the substituents R on the
N–PtII bond as well as their potential effect on the CuN bond.

Results and discussion
Coordination thermodynamics

A first insight into the nature of the Pt–N bond for the models
herein considered was obtained by evaluation of the relevant
coordination thermodynamics. Theoretical thermodynamic
data related to the formation of complexes at standard con-
ditions in the gas phase, and evaluated according to the
Scheme (a) (see Computational methods section), are collected
in Table 1. Interestingly, irrespective of the cis/trans pairs con-
sidered, the corresponding ΔΔG° values at 298 K are systemati-

Fig. 1 Schematic representation of the cis and trans isomers of the
complexes herein investigated. (Abbreviations in parentheses.) The list of
abbreviations and complexes numbering is given in the Computational
details section.

Paper Dalton Transactions

2 | Dalton Trans., 2019, 00, 1–12 This journal is © The Royal Society of Chemistry 2019

1

5

10

15

20

25

30

35

40

45

50

55

1

5

10

15

20

25

30

35

40

45

50

55



cally almost the same, ca. 6–7 kcal mol−1. A further point to be
stressed, except for the fluorinated complexes, is the close
similarity of the ΔG° values along a specific series (cis or
trans), which is consistent with a quite similar bonding inter-
action. To look into the temperature effects on the thermo-
dynamic stability of PtII complexes, a further series of numeri-
cal experiments at 273.15 K were also carried out. Differences
between ΔG° and ΔG273.15 values differ by no more than 4 kcal
mol−1 (see Table 1). These differences have ultimately to be
traced back to the entropic term (Table 1).

Electronic structure and bonding analysis

According to the frontier orbitals molecular approach, it is well
known that the ligand HOMO and LUMO energies (EHOMO and
ELUMO, respectively) play some role in determining the RCN
reactivity;7–9,32,33 in particular, a lower RCN ELUMO points to a
higher reactivity towards nucleophilic addition.¶

In this regard, two distinct strategies may be adopted to
tune the RCN ELUMO: (i) to exploit the electron-withdrawing
(releasing) properties of suitable R groups (the electron-with-
drawing CF3 group in CF3CN and p-TFM induces a sizable
ELUMO decreasing with respect to the parents ACN and PhCN,
while the electron-releasing CH3 group in p-TOL causes a
ELUMO increase, see Table 2); (ii) to take advantage of the
coordination of the ligand to a metal center (a systematic
energy lowering of MOs reminiscent of the free ligands’ LUMO
accompanies the formation of the complexes, see Table 2). A
thorough charge density analysis of the cis-/trans-Cl2Pt–NCR
MOs reminiscent of the free ligands’ LUMO indicates minor
contributions from Pt-based atomic orbitals (AOs) (see
Table 2).∥ Moreover, the inspection of this table testifies that
the effect of the substituents on ELUMO is larger for the ACN
derivatives when compared to that for the PhCN ones. As such,

the homologous ACN/CF3CN and TOL/TFM free ligand pairs
are particularly enlightening; the ΔELUMO between ACN and
CF3CN is ∼1.90 eV, and it reduces to ∼0.81 eV when we move
from TOL to TFM. Nonetheless, it has also to be highlighted
that, when considering the absolute ELUMO values, the pres-
ence of the aromatic group induces a higher energy decrease.
As far as the effect of the coordination to a metal center is con-
cerned, the further ELUMO lowering associated with the
complex formation amounts to ∼1.1–1.2 (1.3–1.5) eV for ACN-
based cis (trans) complexes, while such a lowering is ∼0.5 eV
for all PhCN-based complexes. Outcomes demonstrated that
there is an electrostatic contribution of the metal in the energy
lowering of the RCN ELUMO, irrespective of the R group.

All these findings depict a trend in the ELUMO variation,
which accounts for the R group, the eventual substituent it
carries, and the coordination to the metal.

All these findings depict a trend in the ELUMO variation,
which accounts for the R group, the eventual substituent it
carries, and the coordination to the metal. Finally, EHOMO

seems to play some role in rationalizing the RCN reactivity in
the 1,3-dipolar cycloadditions;32,33 indeed an EHOMO increase
should favor the interaction with the polarophile.7–9,32,33

HOMO and LUMO energies for free and coordinated ligands
are reported in Table 2.

Theoretical results herein collected indicate that the R
group and its eventual substituents similarly affect EHOMO and
ELUMO (see Table 2), while a different trend is found when the
coordination to the metal is considered. More specifically,
ACN-based ligands show an EHOMO increase upon coordination
(∼1.3 eV), while the EHOMO of PhCN-based ligands remains
almost unchanged (∼0.1 eV).

N–PtII bonding scheme

Thermodynamic results showed that the organonitriles’
coordination involves quite similar energies in the cis/trans
series, except for some differences observed for the fluorinated

Table 1 Calculated thermodynamic data (kcal mol−1) for the studied
complexes in gas phase at 298.15 K and 1 atm. Data calculated at
273.15 K and 1 atm are given in parentheses

ΔH° TΔS° ΔG°

cis-1 −71.3 (−71.7) −20.0 (−17.2) −51.3 (−54.5)
cis-2 −65.8 (−66.3) −22.1 (−20.5) −43.7 (−45.8)
cis-3 −73.8 (−73.9) −22.7 (−20.9) −51.1 (−53.0)
cis-4 −74.2 (−74.4) −22.8 (−21.1) −51.4 (−53.3)
cis-5 −72.6 (−72.7) −23.8 (−21.2) −48.8 (−51.5)
trans-1 −76.4 (−76.5) −19.6 (−16.1) −56.8 (−60.4)
trans-2 −70.6 (−70.5) −20.2 (−18.3) −50.4 (−52.2)
trans-3 −77.8 (−78.0) −20.6 (−18.6) −57.2 (−59.6)
trans-4 −78.5 (−77.7) −20.5 (−16.3) −58.0 (−61.4)
trans-5 −76.9 (−77.0) −21.6 (−19.4) −55.3 (−57.6)

Table 2 LUMO (L) and HOMO (H) energies (eV) of free ligands and the
corresponding reminiscent MOs on the complexes. (Orbitals’ localiz-
ation of reminiscent ligands’ MOs, and the corresponding contribution
% of the ligands’ fragments to the complex MOs are given in brackets
and parentheses, respectively)

L H

ACN −0.40 −8.14
cis-1 −1.64 [+1] (83%) −7.48 [−7] (13%)
trans-1 −1.89 [+1] (87%) −7.35 [−7] (17%)
CF3CN −2.27 −9.73
cis-2 −3.38 [+1] (82%) 8.78 [−7] (9%)
trans-2 8.78 [−7] (9%) −8.70 [−8] (15%)
PhCN −2.60 −6.89
cis-3 −3.13 [0] (93%) −6.95 [−5] (31%)
trans-3 −3.13 [0] (95%) −6.77 [−6] (33%)
p-TOL −2.43 −6.57
cis-4 −2.94 [0] (94%) −6.69 [−5] (35%)
trans-4 −2.93 [0] (95%) −6.50 [−6] (36%)
p-TFM −3.24 −7.39
cis-5 −3.74 [0] (94%) −7.38 [−5] (30%)
trans-5 −3.76 [0] (96%) −7.23 [−6] (31%)

¶Along the investigated series, both HOMO and LUMO correspond to π orbitals
mainly localized on the CN group; the former (latter) is bonding (antibonding)
in nature with respect to the CuN interaction.
∥ In all the PhCN-based complexes, the MOs reminiscent of the free ligands’
LUMO correspond to the complex LUMO as well; at variance to that, in ACN-
based complexes, the MOs reminiscent of the free ligands’ LUMO correspond to
the complex LUMO+1. It has to be noted that LUMO and LUMO+1 in the ACN-
based complexes are very close in energy.
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complexes, which can be confidentially ascribed to the strong
withdrawing effect of the F atoms. Moreover, data in Table 2
indicate that, besides the R group’s effects, RCN to Pt coordi-
nation similarly affects the ELUMO lowering: this trend is more
evident for the PhCN-based complexes where the effect of the
F atoms is buffered by the presence of the phenyl ring. To
summarize: the results so far discussed seem to point to a very
similar N–PtII interaction mechanism. Table 2 shows LUMO
(L) and HOMO (H) energies (eV) of free ligands and the corres-
ponding reminiscent MOs on the complexes. (Orbitals’ localiz-
ation of reminiscent ligands’ MOs, and corresponding contri-
bution % of the ligand fragments to the complex MOs are
given in brackets and parentheses, respectively.)

Then, we studied the N–PtII bonding by exploiting KS-MO
and VDD analysis and evaluating the corresponding energies’
contributions according to the EDA-NOCV analysis (see the
Computational details section).

We will discuss both mono- and di-coordinated models
complexes, according to schemes S1 and S2 (see the
Computational details section). Due to the very high analogies
found in the bonding mechanisms for all complexes investi-
gated here, only ACN derivatives will be discussed as para-
digms for all systems considered (contour plot and numbering
of all orbitals involved for all systems studied are given in
Fig. S1 and S2 of the ESI‡).

The plots of the Crystal Orbital Overlap Population (COOP;
see the Computational methods section) for cis-1 and trans-1,
are given in Fig. 2 and 3, respectively. They allow for assessing
the bonding/antibonding nature of the orbital interactions,
according to the corresponding orbitals’ overlaps, along with
the relevant N→PtII σ or N←PtII π type of interaction (see

Table S1 in ESI‡). Results Q4for all the complexes resulted very
similar for all the complexes even in the interactions of PhCN
derivatives were systematically localized about 1 eV higher than
the ACN ones (a comparison of all COOPs is given in Fig. S3 as
the ESI‡). The N→PtII σ and the N←PtII π interactions, are shown
in Fig. 2a and b, respectively, and an overall bonding interaction
is highlighted. For both cis/trans species, the σ N→PtII inter-
actions (observed only in the A′ irrep) are mainly localized in the
−15/−13 eV and −9/−7 eV ranges, while the π N←PtII inter-
actions, occurring in both A′ and A″ irreducible representations
(irreps) are found around −10/−5 eV. Moreover, the corres-
ponding plot of the Partial Density of States (PDOS; see the
Computational methods section) for the deepest N→PtII σ inter-
actions indicates a predominant contribution of the N orbitals of
the ligand fragment, while N←PtII π ones are mainly ascribable
to the contribution of Pt orbitals of the cis/trans-PtCl2 (C,TPtCl2)
fragment as well as to the σ interactions localized around −9/−7
eV. Note the occurrence of an overlap between σ and π inter-
actions, in the A′ irrep, located in the −10/−7 eV range.

Bonding scheme of the mono-coordinated forms of the (cis/
trans)-1 complexes (S1)

The resulting σ and π bonding schemes are given in Fig. 4 and
5 for the mono-coordinated species of cis-1 and trans-1,
respectively. For both mono-coordinated species, the σ bond
mechanism is based on the donor–acceptor interaction
between the nitrogen lone pair orbital of the ligand with orbi-
tals mainly of Pt 6s character, (namely: 41a′ and 38a′ for the
mono-coordinated C,TPtCl2, respectively; see Fig. 4 and 5) and
further suitable PtII valence orbitals depending on the cis/trans
configuration. Particularly, these orbitals mostly correspond to

Fig. 2 COOPs for the σ N→PtII (panel a) and the π N←PtII (panel b)
interactions and relevant PDOS (panels c and d for σ and π, respectively)
for cis-1 complex. Vertical solid lines: HOMO; vertical dotted lines:
LUMO. [Ordinates’ values in arbitrary units. Panels a and b: y = −0.1–0.1;
panels c and d: y = 0.0–2.4.]

Fig. 3 COOPs for the σ N→PtII (panel a) and the π N←PtII (panel b)
interactions and relevant PDOS (panels c and d for σ and π, respectively)
for trans-1 complex. Vertical solid lines: HOMO; vertical dotted lines:
LUMO. [Ordinates’ values in arbitrary units. Panels a and b: y = −0.1–0.1;
panels c and d: y = 0.0–2.4.]
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Pt dxy orbitals for cis-1 (40a′ Fig. 4) and Pt dx2−y2 and dz2 for
trans-1 (still localized in 38a′, Fig. 5).

We remind that, as defined in the Computational details
section, the TPtCl2 was prepared by properly setting up its
molecular electron configuration in order to get a closed-shell
fragment and to avoid intra-electronic rearrangements in the
fragment. The only electronic configuration satisfying this
requirement led to a non-Aufbau occupation where the inner
virtual orbital was just the 38a′ one. This is in line with the use
of the Pt 6s orbital in the σ bond, analogously to the cis-1
mono-coordinated species. MoreoverQ5 , the virtual 38a′ orbital,
rise up its energy after coordination.

For TPtCl2, inspection of the orbitals’ population in Fig. 5
indicates that the N→PtII interaction is also characterized by a
non-negligible 37a′→38a′ polarization involving TPtCl2, more likely
as a consequence of the ad hoc electronic configuration used.

Note that a N←PtII π back-donation has also been obtained.

Bonding scheme of the di-coordinated forms of the (cis/trans)-
1 complexes (S2)

Contrarily to S1, no fragment electronic configuration prepa-
ration was needed. In this context, for the σ interaction, it is

possible to see (Fig. 6 and 7) how bonding schemes for cis-1
and trans-1 involve identical orbitals. Moreover, σ and π inter-
actions, as foreseeable, are analogous to what is observed in
S1. The N lone pair donates to the same Pt based orbitals of
the other fragment. The unique difference with respect to S1,
for cis-1, lies in the interaction with only one virtual orbital,
which is almost entirely characterized by the combination of
the 40a′ (71%) and 41a′ (24%) FMOs involved in S1.

For trans-1, the straight comparison between S1 and S2 is
flawed by the non-ground state configuration of TPtCl2 in S1.
Nonetheless, an analogy in the bonding mechanism could
also be inferred in this case. After donation to the virtual 38a′
(Fig. 5) and 49a′ (Fig. 7) orbitals, a comparison of 8a′ popu-
lation, in S1 (Fig. 5) and S2 (Fig. 7) shows a significant differ-
ence, with the orbital in S2 being more populated than in S1.
In addition, also the non-negligible contribution of 37a′
(Fig. 5) and 46a′ (Fig. 7) should be accounted for. Moreover, we
should also consider that in S1 a small 8a′→37a′ population
transfer could also occur which could be responsible for the
population differences of the 8a′ orbitals in S1 and S2.

To summarize, in both steps considered, all complexes
showed that the N–PtII bond is characterized, as one could

Fig. 4 σ/π bonding scheme for the mono-coordinated model of cis-1.
Orbitals’ population is given in parentheses. Isosurface value: 0.05 e1/2 Å−3/2.
(Red-blue phases = occupied orbitals; brown-teal phases = virtual orbitals.)
Ligand fragment orbitals are given on the left of each bonding scheme.

Fig. 5 σ/π bond formation scheme for the mono-coordinated model of
trans-1. Orbitals’ population is given in parentheses. Isosurface value:
0.05 e1/2 Å−3/2. (Red-blue phases = occupied orbitals; brown-teal phases
= virtual orbitals.) Ligand fragment orbitals are given on the left of each
bonding scheme.

Fig. 6 σ/π bond formation scheme for the di-coordinated model of cis-
1. Orbitals’ population is given in parentheses. Isosurface value: 0.05 e1/2

Å−3/2. (Red-blue phases = occupied orbitals; brown-teal phases = virtual
orbitals.) Ligand fragment orbitals are given on the right of each
bonding scheme.

Fig. 7 σ/π bond formation scheme for the di-coordinated model of
trans-1. Orbitals’ population is given in parentheses. Isosurface value:
0.05 e1/2 Å−3/2. (Red-blue phases = occupied orbitals; brown-teal phases
= virtual orbitals.) Ligand fragment orbitals are given on the right of each
bonding scheme.
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expect, by a σ interaction involving the nitrogen long pair and
the 6s and suitable 5d PtII orbitals. Nonetheless, the N←PtII π
back-donation was also observed, characterized by the involve-
ment of anti-bonding π* CN orbitals.

A final remark concerns the N→PtII and N←PtII interactions
in the A′ irreps. As previously discussed with regard to COOPs
(Fig. 2 and 3), an inspection of the composition of the orbitals
in this region confirmed a non-negligible admixture of σ and π
types for all complexes investigated. For cis/trans-1, this
mixing involved mainly the PtII bases orbitals 38a′ in S1
(Fig. 4) and 45a′ and 48a′ in S2 (Fig. 6), these last contributions
are not reported in Fig. 4–7 (numbering of the analogous orbi-
tals for all systems is reported in Table S4 as the ESI‡).

VDD charge analysis

By VDD charge (ΔQ) analysis, we gained insights into the elec-
tron density flow on the atoms of interest after the Cl2Pt

II–NCR
bond formation, on both coordination steps so far considered.

Accounting for the very similar behavior of all complexes,
also in this case the discussion will be focused on cis/trans-1
complexes. ΔQ and relevant ΔQΓ

Pauli and ΔQΓ
Orb charges for cis-

1 and trans-1 are given in Table 3, while charges for all com-
plexes are given in Tables S2–S5 as the ESI.‡ In Table 3, data
for trans-1 in S1 are not reported due to the non-Aufbau con-
figuration used for the TPtCl2 fragment (see “the
Computational methods: VDD analysis” section for the
meaning of ΔQ, ΔQΓ

Pauli and ΔQΓ
Orb charges).

Concerning the CuN group, in S1 and S2 steps, the NCN

shows a small negative charge after the N–PtII bond formation,
which is mainly ascribable to the π A″ term. The inspection of
the relevant ΔQA″

Pauli and ΔQA″
Orb contributions to this term, indi-

cates that this value is almost entirely due to ΔQA″
Orb ensuing to

the π N←PtII back-donation. Moreover, the ΔQA′ charge result
is slightly positive and is in line with the occurrence of both
competitive σ/π interactions in this irreducible representation
with the predominance of the σ interaction.

The effect of the bond formation on the CN group is also
mirrored in the behavior of the CCN, which in all cases experi-
ences a small electron density depletion. Concerning the
PtCl2 moiety, Pt experiences an electronic density depletion
(positive ΔQ charge), due to the N–PtII bond formation
(slightly higher for cis-1). This behavior has a twofold origin:
(i) the N←PtII π back-donation contribution in A″ (negative
ΔQA″

Orb charge on N), partially compensated by the predomi-
nant N→PtII σ interaction in A′ (positive ΔQA′

Orb charge on N),
and (ii) the presence of the halogens, the latter acting differ-
ently for cis-1 and trans-1. For cis-1, in both coordination
steps, two different negative ΔQ values were obtained for the
halogens, depending on the cis or trans position of the
incoming ligand.

For cis-1 and trans-1 the ΔQA′
Pauli terms are very similar in all

coordination steps, indicating that the orbitals’ polarization
contribution is the same for all halogens regardless of the cis/
trans configuration of the incoming ligand. InQ7 addition, by the
σ N→Pt→Cl interaction in the trans configuration, which
brings to a higher electronic density along the trans N–Pt–Cl T
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bond and the ensuing polarization of the Pt–Cl bond towards
the more electronegative chlorine atoms.

For trans-1 where all halogens are in cis with respect to the
incoming ligands, the ΔQA′

Orb term is slightly higher with
respect to the analogous configuration in cis-1 ascribable to
the lack of the strongest interaction in trans.

The trend of the halogen charges seems to well agree with
the cis/trans influence of the incoming ligand on the Pt–Cl
bond length. Indeed, with respect to the relaxed C,TPtCl2 frag-
ments, in cis-1 and trans-1 the Pt–Cl distances result in an
elongation of about 0.12 Å and 0.17 Å, respectively, after
coordination. For trans-1, only the cis influence is considered,
while for cis-1 both effects occur, from which is inferred a
higher cis influence of the ligand, i.e., the lower Pt/Cl charge
depletion/increase in trans-1 with respect to cis-1. To note are
the similar ΔQ values for the chlorines in cis both in cis-1 and
in trans-1.

EDA-NOCV analysis

EDA-NOCV analysis allowed a quantitative evaluation of the
energies concerning the bonding mechanisms so far
discussed.

The results for cis-1 and trans-1 are given in Table 4, while
data for all complexes are reported in Table S6 as the ESI.‡ The
outcomes for all trans complexes in S1 are not reported due to
the non-Aufbau configuration adopted for TPtCl2, for which it
is not possible to discriminate the electronic excitation energy
contribution. Also in this case we still summarize the results
obtained for cis-1 and trans-1 due to the analogies for all com-
plexes (a more detailed discussion is given in the ESI‡).

Concerning ΔEStrain, the higher value in S1 for all mono-co-
ordinated cis species, is rooted almost entirely to the distortion
of CPtCl2 and corresponds to the energy needed to shrink the
ClPtCl angle from ca. 129° to 90°, going from the free to the
mono-coordinated CPtCl2.

Moreover, the S2 data of cis-1 and trans-1 allowed a com-
parison between the energy contributions of both complexes.
The BE and DE for trans-1 showed more stability of about
11–13 kcal mol−1. The explanation of the higher stability of
trans-1 resides in the more negative values of the BE due to
the higher negative values of the attractive terms (ΔEElec, and
ΔEOrb) while ΔEPauli was very similar for both complexes. In
this case the contribution of the ΔEStrain term does not highly
affect the final DE, being only 2.10 kcal mol−1 higher for trans-
1.

The final outcomes so far discussed agree with the thermo-
dynamic results. Particularly, by considering the calculated ΔH
° values as corrections to the electronic energies, the DE trend
discussed is in accord with the higher stability of trans-1 (ana-
logous results hold for all complexes as reported in the
EDA-NOCV discussion in the ESI‡). Finally, EDA-NOCV ana-
lysis allowed for singling out the A′ σ and π interactions ener-
gies, permitting to quantify the total contribution of the σ and
π interactions. The results are given in Table 4 and indicate
that the total N←Pt π back-donation represents about 30% of
the total ΔEOrb term and ranges from 32% to 37% with respect
to the N→Pt σ interaction which means that the orbital inter-
action is almost entirely characterized (ca. 90%) by donor–
acceptor interactions (the same results were obtained for all
complexes investigated here, see Table S6 in the ESI‡). As
already mentioned, the π-acceptor capabilities of the ACN and
PhCN ligands in PtII complexes were qualitatively inferred,
even by some of us,14a from topological investigations of the
electronic density distribution, charge decomposition
analysis,22–24 and composition and overlap intensities of the
molecular orbitals involved in the N–PtII bond.14a Bond ana-
lysis, and EDA-NOCV results here reported, ultimately assessed
the occurrence and the non-negligible contribution of the
N←PtII π interaction.

Infrared properties of the CN bond

A well-known effect arising from the coordination of the RCN
ligands upon the PtII is the observed infrared νCuN blue-shift,
which is largely used as a tool to confirm the CuN–PtII bond
formation. Nonetheless, as stated earlier, this behavior has
already been experimentally observed, and also confirmed
computationally, even for those atoms which do not show π
back-donation properties, e.g., alkali and alkaline earth metal
ions or H+, as well.14,16,18 Moreover, experimental CuN dis-
tances (rCuN) (Table 5) indicate a slight shortening of these
distances or at least no elongation of the bond. In Q8general, this
behavior appears counterintuitive if considering: (i) the
ensuing depletion of electron density along the CCN–NCN axis
of the coordinated RCN and, in addition to the systems here
investigated, (ii) the N←PtII π back donation herein assessed
involving anti-bonding ligand orbitals, which effects should
both to cause a CuNd elongation, thus a red-shift. In this
context, we calculated the νCuN and CuN force constants
(kCuN) for the ACN, PhCN, cis-/trans-1 and cis-/trans-3 com-
plexes as well as for a series of bond paradigms such as
ACNH+, PhCN+, and the ACN–BCF3, and ACN–BCl3 adducts. In

Table 4 EDA-NOCV analysis for all complexes. The coordination STEP1
for trans-complexes is not reported due to the non-Aufbau configur-
ation used for the TPtCl2 fragment (see the Computational methods
section)

Complex

cis-1
trans-1

S1 S2 S2

EDA
ΔEPauli 141.63 152.33 155.54
ΔEElec −112.34 −113.91 −120.76
ΔEOrb −72.83 −73.44 −82.25
ΔEσA′Orb −41.08 (56%)b −43.14 (59%) −48.16 (59%)
ΔEπA′Orb −11.34 (16%) −9.69 (13%) −10.55 (13%)
ΔEπA″Orb −12.34 (17%) −11.81 (16%) −11.60 (14%)
ΔEDisp −3.78 −4.55 −5.26
BE −47.32 −39.56 −52.73
ΔEStrain 9.00 3.01 5.10
ΔE (−DE)a 38.32 36.55 47.63

aDE = BE + ΔEStrain. b% contributions are referred to the total ΔEOrb
term.
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particular, these included σ acceptors showing N←PtII π back
donation (cis-/trans-1 and cis-/trans-3), or not (ACNH+, PhCN+,
ACN–BCF3, and ACN–BCl3) as well as, concerning ACNH+ and
PhCN+, species bearing a positive charge. For the ACN, PhCN,
cis-/trans-1, cis-/trans-3, ACNH+ and PHCN+ species, experi-
mental data in CH2Cl2 solution were also available.14 The
νCuN and kCuN for ACN–BCF3 and ACN–BCl3 were already
studied at the MP2/6-31+G(2d,p) level for which the experi-
mental νCuN blue-shift was observed and the increase of kCuN

after coordination of the ACN was confirmed.17 The Cartesian
coordinates for all models considered were oriented so that
the νCuN had components only along one axis (z). The results
are given in Table 5. The calculated νCuN for the coordinated
RCN ligands was in good agreement with the experiment
showing the expected blue-shift trend, irrespective of the
nature of the RCN–X bond.

The calculated kCuN resulted in an increase accordingly.
The nature of the bond seemed to generate differences only in
the magnitude of the νCuN blue-shift.

To elaborate, the purely σ acceptor ACN–BCX3 (X = F, Cl)
showed both a higher νCuN blue-shift and a kCuN increasing
compared to the cis-/trans-1 series, characterized by N→Pt σ
and N←Pt π interactions, even if the series show a similar
CuNd decrease with respect to the free ligand. To summarize,
the formation of the RCN–X species, irrespective of the bonding
mechanism, induces a slight shortening of the rCuNd, or at
least no elongation, which should arise from a strengthening of
the CuN bond and in turn will cause the νCuN blue-shift.

In order to get more insights into this behavior we per-
formed an EDA-NOCV analysis of the RCuNY bond (R = CH3,
Ph; Y = H+, BF3, BCl3, PtCl2ACN, PtCl2PhCN) bond in the free
and coordinated ligands by considering suitable RC and NY
fragments. The electronic configuration of the fragments was
prepared by considering single occupied 2px1, 2py1 and 2pz1 (or
2spz1) orbitals for the interacting CCN and NCN atoms. Finally,
the analysis was performed both in vacuum and in CH2Cl2, the
latter only for ACN, PhCN, cis-/trans-1, cis-/trans-3, ACNH+ and

PHCN+ species. The results are given in Table S7 as the ESI.‡
Two different trends for the neutral positively charged species
were observed with respect to the free ligands. For the neutral
species, there is a systematic decrease of both the ΔEPauli and
the ΔEOrb terms as well as a systematic increase of the attractive
ΔEElec term except for ACN–BF3, most likely due to the strong
electron withdrawing effect of the fluorine atoms. This Q9causes
lower bonding energies (BE) of the neutral RCN–X species with
respect to free ligands ones even if we did not observe computa-
tionally any rCuN elongation. The decrease of the attractive
ΔEOrb term plays a leading role in the lowering of the BEs which
is partially compensated only by the variation of the other two,
i.e., ΔEPauli and the ΔEElec. Moreover, the lowest π ΔEOrb contri-
butions obtained for cis-/trans-1 and for cis-/trans-3 match well
with the occurrence of the N←PtII π back-donation.

Concerning the positively charged species, both attractive
ΔEElec and repulsive ΔEPauli terms showed a decreasing trend
while the attractive ΔEOrb increased. In this case, an increase
of the BEs with respect to the free ligands was observed.

These results indicate that the νCuN blue-shift in these
complexes is not correlated to the CuN bond strength, in
agreement with what is already reported for some Pt(II,IV)–N
systems, including the herein investigated trans-1.24

Further information is provided by the deformation density
Δρ associated with the pairwise orbital interactions in the
RCuNY bond. In Fig. 8 and 9 the relevant Δρs for all ACN
derivatives are given with the direction of the charge flow indi-
cated as brown→green (Δρs for all PhCN derivatives are given
in Fig. S4 as the ESI‡). For Q10the purely σ acceptors systems
reported in Fig. 8, the N–Y bond (see h, o, and t Δρs) resulted
more polarized going from the ACNH+ to ACNBCl3 through the
ACNBF3, the last representing an intermediate situation
between charged and neutral molecules due to the presence of
the strong electron withdrawing fluorine atoms. This trend is
reflected in the flow charge on the RCuNY. In ACNH+ there is
a slight charge depletion on the CuN bond (Fig. 8h) which
turns into a gradual charge flow increasing from ACNBF3 to

Table 5 Calculated vibrational frequencies (CuNn; cm−1), force constants (kCuN; mdyn Å−1); distances (rCuN; Å), of the free and coordinated ACN
and PhCN in CH2Cl2 solution

ACN ACNH+ ACN–BF3 ACN–BCl3 cis-1 trans-1 PhCN cis-3 trans-3 PhCNH+

νCuN
a

Calcdb 2258 2315 2350 (2302)c 2356 (2324)c 2306as 2317as 2234 2270as 2282as 2267
2315sym 2280sym

Exptld 225414a 231414a 237634 238035 233014a 233714a 223014a 228614a 229414a 225414a

kCuN
b,e

Calcd 17.8 19.7 19.1 (18.0)c 18.7 (18.0)c 18.1 18.3 17.1 17.3 17.4 18.7
Exptl 17.436 n.d. f 18.834 18.735 n.d. n.d. n.d. n.d. n.d. n.d.
rCuN
Calcd 1.161 1.146 1.152 (1.164)b 1.152 (1.161)b 1.159 1.155 1.164 1.162 1.159 1.151
Exptl 1.15736,37 n.d. 1.13538 1.12238 1.12314a 1.15214b 1.15839 1.14214a 1.14114a n.d.

a νCuN calculated analytically. b Calculated values in CH2Cl2 solution for ACN, PhCN, ACNH+, PhCNH+, cis-/trans-1 and cis-/trans-3 and in
vacuum for ACN–BCF3, and ACN–BCl3.

cCalculated values from ref. 17 at MP2/6-311G(2d,p) level. d Experimental values in CH2Cl2 solution for
ACN, PhCN, ACNH+, PhCNH+, cis-/trans-1 and cis-/trans-3 and in KBr for ACN–BCF3, and ACN–BCl3.

e Force constants were calculated from
numerical frequencies’ calculation. A comparison of the νCuN calculated by analytical and numerical methods showed discrepancies no more
than 3 cm−1. fNot determined.
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ACNBCl3 (Fig. 8o and t). This accounts for the small ΔEElec
term in ACNH+ which tends to increase from ACNBF3 up to
ACNBCl3 (see Table S7 in the ESI‡). Interestingly, the remaining
deformation densities (Fig. 8d, i, p and u), with small ΔEOrb
contributions, show an inversion of the RCuNY σ bond polariz-
ation by an orbital pair. These behaviors are ascribable to the
origin of the σ N→X νCN blue-shift in coordinated nitriles.

Indeed, for coordinated carbonyls, the polarization of the
C–O bond has already been proposed as the driving force for
the shortening of this bond when a positive charge approaches
the carbon atoms,40 as well as to the origin of the high νCO
blue-shift for OC-BeCO3 even in the presence of π back-
donation.41

In Fig. 9, Δρs for cis-/trans-1 are reported. We will compare
the Δρs of these complexes with the purely σ acceptor
ACNBCl3 adduct, which is the closest model due to the occur-
rence of the Cl and the lack of charged species or the high
electronegative fluorine atoms. At variance with ACNBCl3, (i)
the terms in Fig. 9(d and i) (which are analogous to the term
in Fig. 8t) show a charge depletion along the RCuNY σ bond
and (ii) the polarization terms in Fig. 9(e and l) show the lack
of the N charge increasing along the CuN bond when com-
pared to the analogous term in Fig. 8u.

A clearer picture of the effect of the CuN polarization is
attained by inspection of the corresponding VDD charges for

CCN and NCN reported in Table 6. Negative charges on the NCN

atom, in the coordinated ligands, were obtained for the proto-
nated (the more negative ones) and ACNBF3 species, while the
highest electron density depletion, as previously discussed,
was observed for the N atom in the platinum complexes.

Note that the CCN atoms experience a charge depletion in
all complexes, with the smallest positive charges observed for
the ACNBF3 species. Conversely to NCN, for neutral species,
CCN shows similar ΔQ values. Thus, the highest positive NCN

ΔQ values obtained for cis-/trans-(1,3) complexes are ascrib-
able to the contribution of the N←Pt π back-donation, which
involves CN* orbitals, which causes an electron density
depletion on the nitrogen atom.

The inspection of Tables 5 and 6 allows for correlating the
strength of the kCuN with the ΔQ(NCN) and the ΔΔQ(C–N)
charge separation trends. Indeed, more negative ΔQ(NCN)
values and a higher ΔΔQ(C–N) correspond to stronger force
constants, i.e., the higher the inversed CN bond polarization is
observed the higher force constants are obtained.

Conclusions

The N–PtII bond has been deeply investigated by DFT methods
for a series of organonitrile–PtCl2 complexes of the cis-/trans-
(RCN)2PtCl2 kind [RCN (R = Me, CF3, Ph, CH3Ph, CF3Ph)]. The Q11
role of the R group resulted almost negligible in the N–Pt
bonding mechanism as inferred from thermodynamics. The
results showed that the nature of the N–Pt bond is character-
ized both by the N→PtII and by the N←PtII π back-donation
interactions, the latter involving virtual anti-bonding π* orbi-
tals of the RCN ligands. VDD charges, and EDA-NOCV analysis
further confirmed the occurrence of the N→PtII π back-
donation and that its contribution corresponds to about
30–40% of the total bonding interaction.

These Q12results ruled out the lack, or the occurrence of a neg-
ligible as well,14a,22–24 of any N←PtII π back-donation associ-
ated with the experimental νCuN blue-shift observed after
coordination of a RCN ligand to C,TPtCl2. In this context,
EDA-NOCV further confirmed that the νCuN was not correlated
to the CuN bond strength as already previously found.24

Moreover, an analysis of the deformation density of the inter-

Fig. 8 Plot of the deformation densities Δρ of the pairwise orbitals’
interactions and relevant ΔEOrb for the free ACN and related purely σ
acceptors’ derivatives. Plot isosurfaces 0.003 e1/2 Å−3/2.

Fig. 9 Plot of the deformation densities Δρ of the pairwise orbitals’
interactions and relevant ΔEOrb for cis-/trans-1. Plot isosurfaces
0.003 e1/2 Å−3/2.

Table 6 Calculated CCN and NCN VDD charges (e−) (ΔQ) and CuN
charge separation (ΔΔQ(C–N))

Compound ΔQ(CCN) ΔQ(NCN) ΔΔQ(C–N)

ACN −0.04 −0.05 −0.01
ACNH+ +0.28 −0.31 0.59
ACNBF3 +0.25 −0.10 0.35
ACNCl3 +0.33 +0.05 0.28
cis-1 +0.32 +0.19 0.13
trans-1 +0.34 +0.18 0.16
PhCN +0.20 −0.19 0.39
PhCNH+ +0.23 −0.35 0.58
cis-1 +0.32 +0.18 0.14
trans-1 +0.35 +0.22 0.13
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acting pairwise orbitals forming the CuN bond, showed the
occurrence of an inversion of the polarization of the CN bond
with respect to the free ligands. It caused an increase of the
force constants in accordance with the increase of the CN
charge separation. Finally, the effect of the N←PtII π back-
donation, regarding the decrease of the force constants, is
explained by the loss of the electron population on the nitro-
gen which leads to the smallest CN charge separation. The
N←PtII π back-donation cannot overcome the σ νCuN blue-shift
causing only a lowering of this value.

Computational details

All DFT calculations were carried out by using the ADF
package (v. ADF 2013.01).42–44

Geometries’ optimizations

Optimizations of geometries were performed by taking full
advantage of the symmetry, namely Cs, at the ZORA45–48 relati-
vistic scalar level, by adopting the robust GGA functional
BP8649–51 and the D3(BJ) dispersion correction,52,53 in con-
junction with all-electron triple-ζ, doubly polarized, Slater type
basis sets,54 (TZ2P), for all but one atom. All-electron quadru-
ple-ζ, with four polarization functions, (QZ4P), were adopted
for F. All optimized structures were confirmed to be a
minimum through an evaluation of their harmonic vibrational
frequencies. The use of the QZ4P basis set for F was needed to
obtain all real harmonic vibrational frequencies for complexes
containing this element. The systems herein considered were
considered as isolated molecules because we focused on the
intra-molecular contributions to the bond properties (opti-
mized coordinates for all complexes are given in Tables S8 and
S9 of the ESI‡). Finally, the effectiveness of the optimization
protocol was checked by comparing selected geometrical para-
meters pertaining to cis-1, cis-2, trans-2 complexes, for which
crystallographic data were recently revised and reported by
some of us,14a and trans-1.14b The calculated geometrical para-
meters were in very good agreement with the experimental
data (see Table S10 in the ESI‡).

Thermochemistry

Thermochemistry calculations were carried out according to
Scheme (a) by using the approach described elsewhere.21,55,56

C;TPtCl2 þ 2L ! C;TPtCl2L2 ðaÞ
In particular, gas phase ΔH° values, at 298.15 K and 1 atm,

were obtained from analytical frequencies’ calculations as cor-
rection to the electronic energy and assuming an ideal
behaviour:

ΔH° ¼ΔEe þ ΔEt 298ð Þ þ ΔEr 298ð Þ
þ ΔEv 0ð Þ þ Ev 0;298ð Þ þ Δ pVð Þ ð1Þ

where ΔEe is the electronic bonding energy difference between
the products and the reactants:

ΔEe ¼ Ee cpx � ½ðEe transPtCl2Þ þ ð2� Ee LÞ� ð1aÞ

while Ee_cpx is the energy of the complex, Ee_transPtCl2 is the
energy of the TPtCl2 fragment, and Ee_L is the energy of the
corresponding ligand. TPtCl2 was slightly more stable (ca.
3 kcal mol−1) than the CPtCl2 isomer, thus it was considered as
the reference for the electronic energy of the PtCl2 fragments.
This accounts for the energy needed to move from the linear
to the bent form of the PtCl2 moiety. Moreover, ΔEt(298),
ΔEr(298), and ΔEv(0) are the differences between the reactants
and the products in translational, rotational and zero-point
vibrational energy, respectively; ΔEv(0;298) is the change in the
vibrational energy going on from 0 to 298.15 K. As far as the
molar work term (Δ(pV)) is concerned, it was considered as
(Δn)RT, where Δn = −2 (see Scheme (a)).

Finally, ΔG° was calculated as:

ΔG° ¼ ΔH°þ TΔS° ð2Þ
A further set of calculations was also performed to calculate

ΔG values at 273.15 K.

Bond analysis

Bond analysis was carried out in Cs symmetry, by considering
mono- and di-coordinated species, in the canonical KS-MO
framework, according to the following schemes:

mono-coordinated: STEP1 C,TPtCl2 + L → C,TPtCl2L (S1)
di-coordinated: STEP2 C,TPtCl2L + L → C,TPtCl2L2 (S2)
Before moving further, it needs to be emphasized that the

TPtCl2 ground state is an open-shell system with two degener-
ate singly occupied molecular orbitals; namely, the 40a′(↑) and
17a″(↑) MOs (in the Cs subgroup symmetry here used) which
correspond to the 5π−g and 5π+g orbitals, respectively, in the
D∞h symmetry group to which TPtCl2 belongs. Thus, to avoid
any intra-electronic rearrangement in TPtCl2, we needed to
“prepare” the fragment by properly setting up its frontier elec-
tronic structure by switching from the 15a″37a′38a′16a″39a′
40a′(↑)17a″(↑) configuration to the 37a′15a″38a′(0)39a′16a″40a′
17a″ one.

Energy decomposition analysis – natural orbital for chemical
valence (EDA-NOCV)

The interaction energy between the fragments considered, see
S1 and S2 schemes, was analyzed by considering its decompo-
sition, into interaction (ΔEint) and strain (ΔEstrain) energy con-
tributions according to the extended transition state
method.26–29 In agreement with this scheme, the total energy
ΔE, may be written as:

ΔE ¼ ΔEInt þ ΔEStrain ð3Þ
ΔEint ¼ ΔEElec þ ΔEPauli þ ΔEOrb þ ΔEDisp ð4Þ

where, ΔEElec, ΔEPauli, and ΔEOrb represent contributions due
to the electrostatic interaction, the Pauli repulsion (hereafter,
ΔEElec + ΔEPauli = ΔESter, the steric repulsion), and the orbital
interaction, respectively. As far as ΔEDisp is concerned, it rep-
resents the contribution due to the dispersion corrections.
Incidentally, the ΔEOrb term was further decomposed into the
irreducible representations’ (irreps) contributions, ΔEΓOrb.

26–28
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In addition to that, it can be of some interest to point out that
ΔEStrain – see eqn (3) – provides information about the energy
required to distort the free fragment structures to the geometry
they assume in the final complex. Finally, ΔEInt and −ΔE are
defined as bonding (BE) and dissociation (DE) energies,
respectively. We did not account for the basis set superposition
error due to their very low contribution, less than 1 kcal mol−1,
to the bonding energy.14a In the EDA-NOCV formalism, the
ΔEOrb is expressed in terms of Natural Orbitals for Chemical
Valence.30,31 The orbital interaction is then expressed in terms
of a few NOCV pairs, for which it is possible to visualize for
each ±k orbitals pair their deformation density Δρk(r) as well
as the corresponding energy contribution ΔEkOrb.

Voronoi deformation density (VDD) analysis

Charge distribution was determined by using the VDD
approach to analyze the electron density deformation.25

According to the VDD scheme, the charge rearrangement was
determined as,

ΔQA ¼ �
ð
V

ρ rð Þ �
X
i

ρi rð Þ
 !

dr ð5Þ

where V corresponds to the Voronoi cell of atom A into the
molecule, ρ(r) is the electron density of the molecule, andP
i
ρi rð Þ is the promolecule, used as the reference. Thus, VDD

charges represent the electron density flowing from/towards
an atom, according to which positive/negative values corres-
pond to the loss/gain of electrons, respectively. This approach
allows for taking care of small, subtle charges’ redistribution
taking place in the interacting fragments.25,57 ΔQA values were
also decomposed into the ΔQPauli,A and ΔQOrb,A terms (thus
ΔQA = ΔQPauli,A + ΔQOrb,A), which were further split into contri-
butions of the different irreps Γ (ΔQΓ

Pauli;A and ΔQΓ
Orb;A) to

quantify their participation to the final ΔQA values.

Partial density of states (PDOS) and crystal orbital overlap
population (COOP)

PDOS were calculated based on Mulliken’s prescription for
partitioning the overlap density.58 Further insights into the
bonding/antibonding PtII–ligand interaction were obtained by
evaluating the corresponding COOP.59

Abbreviations

ACN Acetonitrile
PhCN Benzonitrile
CF3CN Trifluoroacetonitrile
p-TOL p-Tolunitrile; (4-methylbenzonitrile)
p-TFM (Trifluoromethyl)benzonitrile
cis-1 cis-PtCl2(ACN)2
trans-1 trans-PtCl2(ACN)2
cis-2 cis-PtCl2(CF3CN)2
trans-2 trans-PtCl2(CF3CN)2
cis-3 cis-PtCl2(PhCN)2

trans-3 trans-PtCl2(PhCN)2
cis-4 cis-PtCl2(TOL)2
trans-4 trans-PtCl2(TOL)2
cis-5 cis-PtCl2(TFM)2
trans-5 trans-PtCl2(TFM)2
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