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We have investigated the potential of metal-organic frameworks for immobilising single atoms of transition metals using a
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model system of Pd supported on NH,-MIL-101(Cr). Our Transmission Electron Microscopy and in-situ Raman spectroscopy

results give evidence for the first time that functionalised metal-organic frameworks may support, isolate and stabilise

single atoms of palladium. Using Thermal Desorption Spectroscopy we were able to evaluate the proportion of single Pd

atoms. Furthermore, in a combined theoretical-experimental approach, we show that the H-H bonds in a H, molecule

elongate by over 15% through the formation of a complex with single atoms of Pd. Such deformation would affect any

hydrogenation reaction and thus the single atoms supported on metal-organic frameworks may become promising single

atom catalysts in the future.

Introduction

Specific activity and selectivity of heterogeneous catalysts
improve with decreasing particle sizes owing to an increased
surface-to-volume ratio and limited numbers of neighbouring
atoms ™ and thus the development of synthetic approaches to
decrease the particle size of transition metals has been in the
forefront of materials science and chemical engineering in the
past decade. (1821 The ultimate size limit for metal particles is
the single atom which, with the recognition of single atom
catalysts (SACs), have become the focus of scientific attention.
Bl 7o date however, reliable methods for the isolation and
stabilisation, or immobilisation of single atoms of various
transition metals, and approaches for their quantification
remain challenging.

Current technology for the isolation and stabilisation of single
metal atoms offers two fundamentally different approaches;
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the first one is formed through primary bonds of the
transition-metal atom with ligands such as CO [4], whereas the
second approach makes use of strong secondary interactions
between the metal atom and typically a 2D substrate, such as
metal oxides. % while the formation of complexes with
single metal completely changes
structure and thus the chemistry of the metals ““®% 2p
substrates effectively allow the isolation of single atoms. They
however also have serious drawbacks; i) the binding sites
cannot be fully controlled, which allows for the diffusion and
agglomeration, or sintering of the metal atoms into clusters
and nanoparticles Bb;sa]; ii) the support may encapsulate the
single atoms, effectively depleting the concentration of the
transition metal [7]; and iii) very strong metal-support
interactions could potentially stabilise the single atoms
thereby decreasing their catalytic activity. 1l

In this work we put forward a third approach to isolating and
stabilising single atoms of transition metals, which combines
elements of the above two methods. We postulate that metal-
organic frameworks (MOFs) are a desirable and useful
chemical support for immobilising single atoms of transition
metals. MOFs are a relatively new class of materials typically
built up of metal oxide polyhedra interconnected by organic
linkers. They are highly crystalline and display high and regular
porosity. 1 MOFs boast of unprecedented large specific
surface areas. ¥ They have been highlighted for their
potential to incorporate catalytically active species, such as
coordinatively unsaturated ionic sites M and they have also
shown much promise as supporting matrices of heterogeneous
catalyst particles, which highlights their potential to rival
conventional 2D supports. (2] Furthermore, their inherently
rich chemistry does not solely extend to the hybrid nature of
their building blocks but also allows for the introduction of

atoms the electronic
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further functionalities on both the organic * and inorganic
sides. This property may enable the coordination of single
transition-metal atoms to functional groups, mimicking atomic
transition-metal complexes. Regardless, to date no single
‘naked’ metal atoms, i.e. neutral isolated single particles have
been stabilised and observed in a metal-organic framework.
This is particularly important as there is a persistent inaccuracy
in the literature of referring to charged metal ions as atoms,
the latter of which typically have much lower stability than
their charged counterparts and therefore are much more
challenging to obtain as single entities. 3]

The characterisation of composite materials of dispersed single
metal atoms is highly complex. While it is crucial to obtain
high-quality and high-definition micrographs capable of
demonstrating the presence of single atoms, c¢f. using
transmission-electron microscopy, it is impossible to quantify
the concentration of these atoms in the sample based solely
on these micrographs. [12a&<) Furthermore, practical evidence
shows that regardless of the synthetic approach, sintering of
the metal atoms into nanoparticles always occurs to some
extent Bb;sal, and therefore the bulk quantification, cf.
inductively-coupled plasma mass spectrometry/optical
emission spectroscopy (ICP-MS/OES), of the transition metal
within the sample will not accurately reflect the concentration
of single metal atoms present in the matrix.

In order to address the above issues of characterisation, we
have carried out a series of complementary experiments to i)
verify the presence of single transition-metal atoms using
transmission electron microscopy and ji) estimate the quantity
of the single atoms with the help of thermal desorption
spectroscopy, also supported with density functional theory
and in-situ Raman spectroscopy.

It should be emphasised that while MOFs have been shown to
successfully immobilise single ions or embed nanoparticles of
transition metals [12;15], to date no experimental evidence of
single ‘naked’ (neutral) atoms supported on a MOF has been
given. This highlights both the usefulness of this class of
materials as supports and the challenges related to immobilise
single atoms, particularly when considering that single ions are
less likely to sinter on account of their electric charge.

Results and discussion

For our experiments we chose to focus on embedding atomic
Pd in the pores of a MOF structure (NH,-MIL-101(Cr)). In such
a system we expect the formation of Pd(H,), where a single Pd
atom is bonded to a H, molecule whilst the H-H bond remains
unbroken. This is a suitable model system as its reversible
operation requires relatively mild conditions, and it has
distinctive Raman and IR features.

While MOFs have been highlighted as promising matrices for
embedding nanoparticles and nanoclusters of transition
metals [12], it has also been shown that in some cases it is
energetically more preferable for the metal to form larger
particles on the MOF surface. 17 This phenomenon has been
rationalised recently in terms of the relationship between the
adsorption enthalpy of the metal atoms and their affinity to
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M8 1t has also been calculated and

form clusters.
experimentally confirmed that it is possible for neutral Pd
atoms to form coordinate bonds with —NH, groups on the MOF
linker, ensuring a strong interaction between the MOF matrix
and the Pd atoms. *®

Using this input we postulated that if a non-functionalised
MOF is adequate for the embedding of nanoparticles, it
follows that a functionalised isoreticular MOF should bind to
the transition-metal atoms more strongly, possibly strong
enough to immobilise them. Previously, it has been shown that
the MIL-101(Cr) 191 framework is an excellent matrix for
supporting Pd nanoparticles in an appreciable range of
temperature and applied gas pressure [20], which suggests a
reasonably strong host-guest interaction. In addition, MIL-
101(Cr) is susceptible to partial linker exchange [21], which can
be exploited to control the amount of functional groups
available. Previously it has been shown that amino
functionalisation of a MOF increases the binding energy of Pd
on the MOF. Therefore we selected the NH,-MIL-101(Cr) 122
framework to stabilise single Pd atoms on. It should be noted
that Pd nanoparticles have been successfully embedded
previously in the pores of NH,-MIL-101(Cr) with very high Pd
loading (8 wt%) [23], which favours the formation of
nanoparticles rather than single ‘naked’ atoms, it is for this
reason that we aimed at keeping the amount of Pd added low.
Fourier Transformation Infrared (FTIR) spectra (ESI, Figure S1)
were acquired on the sample in its three preparation stages;
an initial control spectrum was acquired on the empty or
unloaded NH,-MIL-101(Cr), which was compared with that
acquired after the addition of the Pd precursor, Pd(CH;COO),.
Finally, a third FTIR spectrum was recorded after the reduction
of the Pd precursor. N.B. during the reduction step the acetate
counter-anions were removed as volatile products. The N-H
stretching modes have been found to undergo a discernible, 4
cm™, blueshift upon the addition of Pd(CH3;COO),, as a result of
the formation of a Pd(ll)¢-:NH,- coordinate bond, which
further polarises the N-H bond, similarly to the analogous
[Pd(NH3)4]2+. 24 The spectrum acquired after the reduction of
Pd on the other hand, displays rather complex spectral

L(~)

a)

Figure 1 HAADF-STEM images of the Pd containing NH-MIL-101(Cr) (a) low-
magnification image, showing the faceted shape of the MIL-101 crystals; (b) medium-
magnification image showing the presence of well-dispersed Pd clusters; (c) high-
magnification image showing a MIL-101 crystal imaged along the [-112] zone axis. The
Pd particles (examples indicated by white arrows) are max. 3 nm in diameter and (d)
atomic resolution HAADF-STEM image, showing the presence of individual Pd atoms
(examples indicated by black arrows)

This journal is © The Royal Society of Chemistry 20xx
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features, suggesting that some of the —NH, groups are still in
close contact with the Pd whereas others are not, possibly due
to partial agglomeration of the Pd atoms. This observation is in
line with what would be expected from strong host-guest
interactions such as those needed for immobilising single Pd
atoms. The strength of the Pd-MOF bonds is also underlined by
the slight oxidation shift of Pd observed in the X-ray
Photoelectron Spectroscopy (XPS) spectrum (ESI, Figure S2),
consistent with a persisting interaction of the Pd atoms with
the amino groups of the framework. 3]
More importantly, High-Angle Annular Dark-Field Scanning
Transmission Electron Microscopy (HAADF-STEM) micrographs
(Figure 1) reveal that, while the agglomeration of Pd atoms
could not be completely avoided (Figure 1b and c), for the first
time atomic resolution images show the presence of a
substantial amount of single atoms in the pores of a MOF
(NH,-MIL-101(Cr), Figure 1d).
In addition, according to previous literature that pores on the
surface of MOF particles are preferentially filled [25], our
HAADF-STEM tomography images however revealed that Pd is
uniformly distributed throughout the NH,-MIL-101(Cr)
particles (ESI, Figure S3), a significant improvement for
applications.
The presence of both single atoms and nanoparticles of Pd
highlights the difficulty in determining the proportion of the Pd
single atoms, as the 0.85% Pd content, measured by ICP-OES,
includes contributions from both.
However, as only single atoms of Pd form the Pd(H,) complex
under H, gas pressure, the detection and quantification of this
complex may help i) further confirm the presence of the single
atoms of Pd and ii) estimate their proportion. In order to verify
the formation of the Pd(H,) complex, we have acquired in-situ
Raman spectra under 20 bar pressure of H, and D, (ESI, Figure
S4). The results obtained are in excellent agreement with
previous matrix infrared results 18] and our computational
modelling of the system (ESI, Table S1-S3). From the Raman
spectra it is apparent that it is the Pd(H,) complex, not the
immobilised -(NH,)-Pd-(H,) species, which is formed when the
sample is exposed to 20 bar hydrogen pressure. On the other
hand our ex-situ FTIR results show that the single Pd atoms are
immobilised on the -NH, functional groups of the framework,
which in turn would change the electronic structure of the Pd
atom thereby changing the spectral characteristics of the
Pd(H,) complex. To reconcile this contradiction we have
performed further DFT calculations using a model system of a
single Pd atom bonded to ammonia, which represents the
amino functional group of the framework. The hydrogenation
of this H3N-Pd species was modelled and it was found that it
would yield a transition-state species of H3;N-Pd(H,). Owing to
the transitional nature of the hydrogenated adduct H3N-Pd(H,)
the H3N-Pd species spontaneously decomposes when exposed
to H, pressure according to the below reaction (Eqg. 1), with a
reaction enthalpy of -3.65 kJ mol™ and net free energy change
of -10.75 ki mol ™.

H3N-Pd(H,) = NHs + Pd(H,) (Eq. 1)
This spontaneous reaction is therefore the reason why the
formation of ‘naked’ Pd(H,) is detected when a starting

This journal is © The Royal Society of Chemistry 20xx

material, in which single atoms are immobilised on amino
groups, is exposed to hydrogen pressure.

This elongation corresponds to a significant activation, or
destabilisation of the H-H bonds, which can have very
important consequences in hydrogenation reactions
highlighting the potential of these metal-MOF composites as
single atom catalysts. Supported SACs blur the difference

between

Table 1 Formation reactions of the Pd(H,) complex from constituent single palladium
atom and hydrogen molecule; molecular structure including bond lengths and angles,
and the enthalpy and free energy change of said reaction obtained from DFT
calculations at standard-conditions.

Free
Reaction energy
Reaction Structure enthalpy change of
(kJ mol'l) reaction
(kJ mol'™)
Pd ("Asg) + H ('Zg)
s Pd(Hy) (Ay) & -83.32 -60.32

homogeneous and heterogeneous catalysis as they participate
intimately in reactions, however they also are dispersed on a
supporting matrix of a different phase so they may potentially
offer unprecedented opportunities for catalysis. A recent
example of supported SACs, in particular in hydrogenation
reactions, made use of single Pt atoms supported on
phosphomolybdic acid (PMA)-modified active carbon, which
performance in the hydrogenation of
nitrobenzene and cyclohexanone. (271

To be able to appreciate the proportion of Pd single atoms
supported on the NH,-MIL-101(Cr) framework, one may make
use of its reaction with hydrogen, as observed using in-situ
Raman spectroscopy. However, hydrogen is also chemisorbed
by the Pd nanoparticles through the formation of the S-phase
hydride PdH, g7, since the applied hydrogen pressure was well
above the plateau pressure. Hence, the observed increase in
the MOF’s hydrogen uptake after the embedment of Pd has
been inconclusive. The increased uptake at low hydrogen
loading in the Pd-containing sample (ESI, Figure S4) reveals the
formation of more strongly bonding absorption sites than
those in the bare MOF. These new sites could correspond to
both a small amount of interstitial hydrogen in the a-phase Pd
nanoparticles as well as the hydrogen adsorbed on the single
Pd atoms. "¥?%%! Taking into consideration the low Pd
concentration in the MOF and the potential error of the
hydrogen-isotherm measurements it becomes apparent that a
more accurate method needs to be employed to determine
the proportion of Pd single atoms.

While the quantity of hydrogen absorbed does not allow for
the determination of the single-atom fraction (ESI, Figure S5),
the enthalpy of hydrogen adsorption on the two different Pd
species, i.e. single atoms and nanoparticles, is remarkably
different. This difference arises from the distinct bonding
principles. While Density Functional Theory (DFT) calculations
(see 18] and ESI, Table S1-S3) show that two different Pd(H,),
species (n=1 or 3) may form at near ambient conditions, in-situ
Raman results reveal that it is only the Pd(H,) species that is

showed superior
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formed in significant amounts at ambient temperature up to
20 bar hydrogen pressure (ESI, Figure S4). This complex has a
calculated enthalpy of formation of -83 kJ mol™ H, while
PdHgg; in 2-3 nm sized Pd nanoparticles forms with an
enthalpy in the region of ca. —(30-40) kJ mol™ H,. 291 As the
enthalpies of formation highlight it, hydrogen is strongly
absorbed in both the Pd(H,) complex and the interstitial
PdHg 67, and therefore the hydrogen desorption isotherm of Pd
in NH,-MIL-101(Cr) displays a hysteresis with respect to its
absorption (ESI, Figure S5). In addition, it should be noted that,
according to Eq. 1, the Pd(H,) complex is formed via the
coordination of the hydrogen molecule to the single Pd atom
coordinated to the —NH, group of the linker and subsequent
dissociation from the amino group. Consequently, the
desorption takes place from a different species than what is
formed during absorption and the two processes thus may not
be directly comparable. On this account it is therefore not
possible to distinguish the two hydrides based on the analysis
of the hydrogen isotherms. However, according to the
different absorption enthalpies, the hydrogen desorbed from
the two different hydrides could be effectively distinguished
thermally and so the proportion of the single atoms could be
evaluated.

A method to monitor the controlled desorption of hydrogen
from the system as a function of temperature is thermal
desorption spectroscopy (TDS). Here, a sample is first loaded
with hydrogen, cooled and after the removal of non-adsorbed
hydrogen the temperature is increased with a constant heating
rate while the quantity of the evolved hydrogen is being
measured. 2% This allows a direct correlation to be drawn
between the desorption temperature, which is related to the
adsorption enthalpy, and the quantity of desorbed hydrogen.
It is noteworthy that metal-organic frameworks also adsorb
hydrogen through van der Waals interactions. 31 Owing to the
chemical complexity of MOFs, adsorption sites of various
strength are present in the framework and hydrogen
desorption from the NH,-MIL-101-(Cr) used in this work has
been analysed in terms of adsorption sites on the MOF. 21
Since the adsorption enthalpy of hydrogen on Pd nanoparticles
and single Pd atoms is significantly higher than those on
different MOF sites [31], TDS can be applied to quantify the
proportion of single atoms of Pd in the composite of Pd
embedded in the NH,-MIL-101(Cr). It should be noted that the
desorption temperature of hydrogen from the interstitial
hydride depends on i) the size of the Pd nanoparticle, ii) the
back pressure of the instrument and iii) the heating rate
applied. (296321 g cause of this complexity a rigorous scrutiny of
previous literature was carried out and it revealed that there is
one system directly comparable to the present study [3231,
allowing us to assign the peak centred at around 230 K to
hydrogen desorption from the interstitial hydride (Figure 2).
Note that hydrogen desorption from the interstitial hydride
results in two peaks in the TDS spectrum corresponding to the
f~>a and £ desorption with decreasing temperature. 27 The
peak observed at 230 K is associated with the f->a transition
while the lower-temperature 8 desorption peak (expected at
around 160 K [3031) overlaps with the higher-intensity

4 | J. Mater. Chem. A, 2012, 00, 1-3
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desorption peaks from the MOF scaffold. This means that the
desorption peak at 290 K does not arise from desorption from

a) ——NH_-MIL-101
——Pd in NH_-MIL-101
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the PdHg ¢; nanoparticles.

To identify the origin of the desorption peak at 290 K we
consider the following; it can be safely excluded that this
desorption peak is a consequence of i) additional impurity in
the framework, ii) the reduction of cr’’ in the coordinatively
unsaturated sites (CUS, as empirical evidence shows that lower

Figure 2 Near ambient-temperature TDS spectra of deuterium from a) the pristine and
the Pd containing NH,-MIL-101 and b) Gaussian fit of the two additional desorption
peaks observed in the Pd containing NH,-MIL-101(Cr) (background signal from the
empty MOF subtracted) used for the integration. The areas calculated are as follows;
Al=1.1x1016 D, molecules g'1 for the peak centred at 230 K and A2=3.1x1016 D,
molecules g™ for the peak centred at 290 K.

oxidation-state cations in the CUS adsorb hydrogen more
strongly [33]) and Jjii) defects in the MOF. The reasons for this
are as follows: i) all organic residues were removed from the
system during hydrogenation at elevated temperatures, and
inorganic impurities may only be introduced alongside the Pd
precursor albeit with significantly lower concentration; iij) XPS
results, a very sensitive tool to probe the chemical state of Cr,
reveal no oxidation change of the Cr**-based CUS (ESI, Figure
S7), which is in good agreement with previous results obtained
on MIL-101(Cr) treated under the same conditions [20]; and Jii)
the strongest binding defects in NH,-MIL-101(Cr) would be the
exposed cr® on the CUS through missing or dangling linkers 3]
while the desorption temperature of hydrogen from CUS

This journal is © The Royal Society of Chemistry 20xx
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under the same conditions has been previously determined to
be 175 K 2 (see also Figure S8, ESI). The assignment of the
peak at 290 K to the desorption of hydrogen from the Pd(H,)
complex is therefore reasonable and the only explanation
consistent with the experimental results.

Since the spectrometer was previously calibrated, the number
of H atoms or H, molecules per gram of sample can be
determined by the integration of H, desorption peaks. Taking
into consideration the hydrogen content of the interstitial
PdHy 67 hydride and the Pd(H,) complex, the amount of Pd may
be determined from the amount of hydrogen desorbed in each
peak. This way we have estimated the number of Pd atoms for
1 g of sample as 6.5x1016, which is in good agreement with the
calculated loading of 1.2x1017, based on the ICP-OES
measurement, and taking into consideration the errors of both
ICP-OES and TDS measurements, that of the weighing and the
fact that the sample was weighed out in air, which may
increase sample mass by over 10% through adsorption. f21]

By integrating the data we were able to determine that a half
of the Pd atoms are in the form of single atoms in this system
(Figure 2). These results demonstrate that the functionalised
MOFs are desirable materials for supporting and stabilising
single transition-metal atoms. This observation is also in very
good agreement with recent results on the stabilising effect of
MOF scaffolds for metastable species. B3]

Conclusions

Metal-organic frameworks are promising materials for the
isolation and stabilisation of single atoms of transition metals.
In particular, HAADF TEM provided evidence for the
immobilisation of single Pd atoms on the NH,-MIL-101(Cr)
framework. Furthermore, taking advantage of the unique
spectral features of the Pd(H,) complex formed on single Pd
atoms, TDS enabled us to gauge the proportion of single atoms
supported on NH,-MIL-101(Cr) as 50%. This is a favourable
material to be applied as a SAC through its potential to
activate hydrogen molecules by significantly elongating the H-
H bond.

Experimental
Syntheses.

NH,-MIL-101(Cr) was synthesised by the chemical reduction of
NO,-MIL-101(Cr) with SnCl,. NO,-MIL-101(Cr) was obtained by
direct hydrothermal synthesis using chromium(lll) nitrate
Cr(NO3)3.9H,0 and 2-nitro-1,4-benzenedicarboxylic acid. 22
For the infusion of Pd atoms in the MOF’s pores, a nominal 5
wt% loading of an acetonitrile solution of the precursor
Pd(CH3;COO), was used. The precursor Pd** cations were
reduced in a constant 5 V% H,/Ar flow (5 I/h) at 473 K, for 24
h. For a typical experiment 50 mg MOF was used.

All samples were activated at 433 K under vacuum for 16 h
prior to further investigations.

Characterisation.

This journal is © The Royal Society of Chemistry 20xx

X-Ray Photoelectron Spectroscopy was carried out using a
Thermo Fisher Scientific K Alpha model instrument and the
monochromatic Al-K, radiation (Figure S 3).

Diffuse Reflectance Infra-Red Fourier Transform (DRIFTS)
spectra were measured on a Nicolet model 8700
spectrometer, equipped with a high-temperature cell and a
DTGS-TEC detector. Samples were pre-treated at 453 K for 1
hour in a helium flow.

Nitrogen adsorption isotherms of the activated samples
(Figure S9) were measured on an Autosorb 6B-type nitrogen-
adsorption instrument at 77 K.

Hydrogen adsorption and desorption
measured at 298, 77 and 87 K, in a Sievert’s apparatus
(HyEnergy, PCTPro-2000) up to ca. 30 bar hydrogen pressure.
Activated samples were loaded into the microdoser in an Ar
glove box.

Elemental analysis was carried out by means of Inductively
Coupled Plasma Optical Emission Spectroscopy. The samples
were digested in a mixture of 1% HF and 1.25% H,SO,. The
procedure was carried out in duplo with the average taken as
result.

isotherms were

Raman spectra acquired using Bruker Senterra
instrument equipped with a 532 nm laser, of 5 em™ spectral
resolution. Samples were added in a crucible then placed into
a stainless steel pressure cell equipped with sapphire
windows. Typically 20 bar of hydrogen/deuterium was loaded
in the cell and spectra were acquired after 30 min to allow the
systems to equilibrate.

Thermal Desorption Spectra of H,, D, and the 1:1 H,-D,
mixture were acquired using the setup described in. B854 mg
activated samples (470K, 3 h, < 10” mbar) were exposed to 10
mbar of H,, D, or 1:1 H,-D, mixture at 298 K, then slowly
cooled down to 20 K. Hydrogen was also loaded in the
composite of Pd in NH,-MIL-101(Cr) at 20 K. The temperature
was held for 5 min and the reactor was evacuated.
Temperature program of 20-400 K at 0.1 K st was finally run.
This control allows the circumvention of kinetic effects by
setting the heating rate low, i.e. near equilibrium conditions.
The high sensitivity of the quadrupole mass spectrometer
allows to detect amounts of desorbed hydrogen over several
orders of magnitude. Quantification of the desorbed hydrogen
is possible as the instrument was calibrated with a known
standard, as described in reference. (0]

High-angle annular dark-field scanning transmission electron
microscopy images were acquired using an aberration-
corrected FEI Titan “cubed” microscope, operated in STEM
mode at 120 kV acceleration voltage for Fig. la-c, with a
convergence semi-angle a for imaging of 21.5 mrad and
acceptance angle S for HAADF-STEM imaging of 85 mrad, and
at 300 kV acceleration voltage for Fig 1d, with a set to 21.5
mrad and fto 50 mrad.

Transmission Electron Tomography data was acquired using a
FElI Tecnai microscope, operated in STEM mode at 200 kV
using a Fischione single-tilt tomography holder (model 2020).
The convergence semi-angle a for imaging was 10 mrad, the
acceptance angle S for HAADF-STEM imaging was 90 mrad.
Images were acquired every 5 degrees, over a tilt range of -70

were
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to +70 degrees. Reconstruction was performed using a SIRT
reconstruction algorithm in the FEl inspect3D software
package, visualisation was carried out in the FEI Amira
software package.

Computational details.

For the determination of optimised geometries, harmonic
vibrational frequencies, and enthalpies and free energies of
reaction in the gas phase (at 298.15 K and 1 atm), DFT
calculations employed the B3LYP hybrid exchange-correlation
functional 7% and the aug-cc-pVDZ basis set B9 or H and N
atoms, and were performed using the Gaussian 09 Revision
A.02 program. 149 £or Pd atom the aug-cc-pVDZ-PP basis set a1l
was employed, which features an effective core potential (ECP)
to describe a 28 electron core, i.e. small-core [Ar]3d10. In
addition, preliminary calculations using the 6-311++G(2d,2p)
4243 3nd sDD “Y basis sets for H and Pd atoms, respectively,
were performed for the complexes of Pd with H,. SDD is an
ECP basis set with a 28 electron core for the Pd atom.
Geometries for a subset of the complexes with Pd 0 were
optimised at the CCSD/6-311++G(2d,2p)/SDD level of theory.
The B3LYP/aug-cc-pVDZ and B3LYP/aug-cc-pVDZ-PP
calculations employed a ‘tight” geometry optimisation
convergence criteria with the Gaussian 09 keywords
“opt(tight)” and “int(ultrafine)”.
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