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Organometallic complexes are the basis for homogeneous catalysis,
have applications in materials science and are also active pharma-
ceutical ingredients. The interaction between transition metal com-
plexes in the solid state is determining their thermodynamics
and bio-availability. Non-covalent interactions such as hydrogen
bonding and van der Waals are stabilizing crystals of transition metal
complexes. The variation of ligand field, central metal atoms and
their oxidation and spin states are determinants of the magnitude
of their inter-molecular interactions. A comparison of a set of 43
manually curated experimental heats of sublimation (the new
XTMCA43 set) and results from periodic DFT calculations shows that
an agreement to within 9% can be achieved using GGA or mGGA
functionals with atom-centred Gaussian-type basis functions. The
need for careful assessments of consistency, calibration and repro-
ducibility of experimental and computational data is discussed.
Results regarding the new XTMC43 benchmark set are suggested
to serve as a starting point for further method development, sys-
tematic screening and crystal engineering.

Introduction

Transition metal complexes are the ingredients for catalysis in
chemical, biochemical and bioinorganic systems. They play
essential roles in industrial processes,' organic synthesis,” mate-
rial science,® but also as in drug discovery and development.* The
concept of metal-ligand coordination and three-dimensional
complex shape determining their properties and reactivities is
common ground since Alfred Werner.>® For transition metal
complexes, in particular, molecular orbital theory can be used
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to rationalize coordination geometries as a function of oxidation
states, spin states and ligand field strength.

Single crystal X-ray crystallography in organometallic chem-
istry is of relevance since the complex structural features of
transition metal compounds and clusters are hard to determine
by other experimental techniques.” The structures of organo-
metallic complexes and clusters in single crystals are molecular
in nature so their assemblies must be stabilized by weak, non-
covalent intermolecular interactions that are, in principle, the
same as in purely organic molecular crystals.®?

The cohesive, non-covalent energy that is stabilizing the
crystal over its individual entities, is referred to as the ‘lattice
energy’ Eja. It can, in principle, be obtained from two hypothe-
tical thermodynamic cycles:**°

(i) The transfer of the molecule from crystal to the sub-
cooled melt and then into the gas phase. Cycle (i), the ‘melt
cycle’, requires knowledge of the experimental melting tem-
perature and enthalpies of melting.

Cycle (ii), the ‘sublimation cycle’, the focus of this paper,
approximates the solubility differences by taking the molecule from
the crystal to the gas phase and then into solution (see Scheme 1).

Both cycles consider properties from the crystals (melting or
sublimation free energy) and are thus dependent on the crystal
structures. The sublimation cycle is preferred as it makes use of
the computationally accessible thermodynamic states from the
gas and the crystalline solid.

The applicability of the ‘sublimation cycle’ has been evalu-
ated for the computational predictions of the solubilities'"?
and sublimation enthalpies of organic crystals."

Sublimation enthalpies are important thermodynamic prop-
erties of the solid phase. In order to obtain reliable results,
experiments have to be conducted at temperatures that deviate
significantly from the standard reference temperature, 298 K.
They can be adjusted to the reference state by making use of
simplifications regarding the temperature dependence of the
heat capacities C3™ and C5* (see below).

Calibration is a fundamental requirement for every sublima-
tion enthalpy measurement. Unlike other thermochemical
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Scheme 1 The sublimation cycle that takes the molecules in the crystal from its ideal, static state at O K to the ideal static gas at the same temperature.
Heats of sublimation AH,,, have to be corrected to obtain the lattice energy Ei« which is computationally accessible!® (see text for details).

measurements, uncertainties in sublimation enthalpies can be
large, often several k] mol ' or more. The compendium of
Chickos and Acree'! that contains experimentally determined
sublimation enthalpies for organic and organometallic com-
pounds also discusses challenges to obtain accurate values. In a
statistical analysis of 451 measurements on 80 different entities, a
standard deviation between the mean and each experimental
values was +6.7 k] mol™"."® The absence of use of standard or
reference compounds was identified as one source of systematic
error. For heats of sublimation >100 k] mol™*, when the com-
pounds usually have a low vapor pressure and experiments have
to be performed at elevated temperature, there are no standards
for the calibration of instruments under these conditions avail-
able. A discussion of different experimental techniques and their
intrinsic accuracies is presented in ref. 15. The uncertainty
between mean and individual points of experimental sublimation
enthalpies of organometallic compounds is particularly high
(#23.9 k] mol ) and almost three times higher than for organic
molecules.””

Periodic Density Functional Theory (DFT) calculations with
dispersion corrections are the current state-of-the art for crystalline
states but some of their pitfalls are extensively discussed in ref. 16.
There are a number of computational benchmark sets for organic
molecular crystals. The C21 set is used for non-covalent
interactions,” its augmented version X23,"*° the POLY59 set for
9 possible polymorphs of 5 drug-like molecules®" and the ICE10 set
for ten different ice polymorphs® and probably more.

Transition metal complexes are a challenge due to the larger
variety of central metal atom from the periodic table of elements,
variability in ligand coordination sphere, oxidation and spin state.
This multitude of parameters has limited the development of
general, accurate models, such as force-fields, in particular for
open-shell transition-metal complexes.>® There are several factors
that contribute to the ‘structural variability’ of organometallic com-
pounds, namely the number and type of ligands and their combina-
tions, the coordination geometry and the number of metal atoms.®

The quantum chemical characterization of periodic systems
can be done with many different approaches, see ref. 24 and 25
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for reviews. For example plane-wave (PW)*® or atom-centered
Gaussian basis functions,>**”*® a linearized augmented plane-
wave ansatz (LAPW)®® or a hybrid Gaussian and plane-wave
scheme® are possible. For a comparison of results from
PWDFT vs. all-electron Gaussian atomic orbitals see ref. 30.
The description of the localized electron density in molecular
crystals requires a large number of plane-wave functions. As an
alternative, atom-centered basis functions, i.e., Gaussian type
orbitals (GTOs) may be able to give an accurate electron density.
For sparsely packed molecular crystals GTOs were shown to
provide a high computational efficiency and accuracy.***

We here present the first evaluation of the accuracy of
periodic DFT calculations for a set of organometallic crystals.
The use of atom-localized GTOs allows an elegant and consistent
treatment of molecules and periodic systems of any dimension-
ality on equal footing. A systematic increase in the number of
atomic GTOs allows to extrapolate the accuracy of results and
shows that already medium-sized GTOs give reliable results.

The approach of PIXEL**7° relies on a physical interpreta-
tion of intermolecular interactions in molecular crystals from
terms describing pairwise coulombic, polarisation, dispersion
and repulsion. Computed molecular electron densities are
fitted to a combination of empirical terms such as number of
electrons, the number of valence electron, the first ionization
energy among others and can be applied to estimate lattice
energies of organic crystals from 3D replicates of those mole-
cular descriptors.’” The method was extended to a set of
transition metal compounds®® by defining new atomic values
for d-block transition metals such as ionization energy, cova-
lent radii and van der Waals interactions. Five tested parameter
sets gave very similar results.

The XTMC43 (Crystal Transition Metal Complex) bench-
mark set is based on manually curated experimental heats of
sublimation from the collections of Chickos and Acree,'*
Pilcher and Skinner®® and previous work deriving parameters
for molecular electron densities.>®

It consists of a series of 43 transition metal complexes
covering a range of 3d-, 4d-, and 5d-transition metal elements
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in various oxidation and spin states that are coordinated by
different ligands. There are 18 open shell and 25 closed-shell
complexes in the data set. It serves as a benchmark to assess
the accuracy of periodic DFT calculations of lattice energies for
organometallic crystals.

Here, we are using one representative of the GGA (PBE
with dispersion corrections) and meta-GGA families (M06-L*?)
to obtain consistent data for non-covalent weak interactions
that are stabilizing organometallic crystals (see below for
computational details).

The calculated lattice energies are only basis-set dependent
to a very minor degree and can be calculated with a mean
deviation of 11 and 10 kJ mol " from experiment for PBE and
MO06-L (~9%). The consistency of results allows to identify
experimental outliers and the generation of a high-quality data
set for possible subsequent data-driven (machine learning)
applications. It also becomes possible now to perform in silico
crystal engineering for transition metal compounds.

40,41

Materials and methods
Crystal structures

Experimental transition metal crystal structures were retrieved
from the Cambridge Crystallographic Data Centre (CCDC)** as
crystallographic information files (cif.). Unit cell parameters
la|, |B], |c|, o, p and y were taken from the crystal structures. |a|,
|b| and |c| are lengths of the appropriate cell vectors, « is the
angle between vectors b and ¢, f is the angle between vectors a
and ¢, and y is the angle between vectors a and b. Missing
hydrogen atoms were added using TmoleX19, when necessary.**

Computational details

All calculations were performed with TURBOMOLE*>*® version
7.57 with PBE***! as a representative GGA and the MO06-L
mGGA."” For PBE, the D3 dispersion correction term*® with
Becke-Johnson damping*®*°
MO6-L functional is devoid of an explicit definition of London
dispersion since it was already considered during the deriva-
tion and parametrization. For all calculations Ahlrichs’ def2-
TZVP and def2-TZVPP basis sets® were used in the resolution-
of-identity approximation with suitable auxiliary basis sets.>*>*
For atoms beyond Kr, effective core potentials (ECPs) which
include scalar relativistic corrections, are used to replace the
explicit treatment of core electrons.

Non-hybrid density functionals were found to be reliable for
the thermochemistry of transition metal complexes and out-
perform hybrid functionals, such as B3LYP for example.>”

Lattice energies for organic molecular crystals of the X23
benchmark set and related chiral compounds were found to be
almost converged using the medium-sized triple-zeta def2-
TZVP basis set and the larger def2-TZVPP basis set did not
significantly affect the calculated lattice energies for represen-
tatives of either the vdW, mixed and hydrogen-bonded inter-
action classes.*® Counterpoise corrections also showed that a

was included.”® The Minnesota
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basis set error (BSSE) for the def2-TZVP basis set was at most
7% of the interaction energy of molecular compounds in the
crystal. This reduced the calculated lattice energy and brought
it even closer to experiment.*?

The fitting of the Coulomb density and continuous fast
multipole methods (CFMM)>®°” enables the calculation of
energies and structural optimizations using atom-centered
Gaussian basis functions for molecular and periodic systems
on the same grounds. For calculations on very large molecular
systems a low-memory modification of the RI approximation
has been implemented in the riper module.’® Thus, the lattice
energy can directly be calculated using the same atom-centered
Ahlrichs’ Gaussian basis functions for the ideal crystal and the
isolated, fully relaxed molecule.

The periodic DFT implementation in Turbomole makes use
of I'-point centered mesh of k points. In 3D periodic systems
each sampling point is defined by its components k&, k, and k;
along the reciprocal lattice vectors by, b, and b; as

k = kib, + kyby + ksbs (1)

The unit cell is the smallest non-repetitive representation of the
crystal. It contains all symmetry inequivalent atoms. Calcula-
tions at the I-point (1 x 1 x 1 k-points) do not consider
interactions with other atoms from neighboring unit cells.
The 3 x 3 x 3 k-points specify the unit cell surrounded by
adjacent replicates of the cell and interactions with atoms from
neighboring unit cells are taken into account. It could be shown
that a k-point sampling of 3 x 3 x 3 is necessary to achieve a
convergence of lattice energies for molecular crystals.>® This
also holds for crystals of transition metal complexes (data not
shown).

All calculations were performed for a mesh of 3 x 3 x 3 k-
points to sample the Brillouin zone in the triclinic space group
(P;) and not considering molecular or crystal symmetry opera-
tions. A fine multiple integration grid m5 was used in all
calculations. Structural optimizations for crystals and relaxed
molecules were performed at the PBE-D3(BJ)/def2-TZVP and
PBE-D3(B])/def2-TZVPP levels. M06-L results are from single
point calculations at the PBE-D3(BJ)/def2-TZVPP optimized
structures (MO06-L/def2-TZVPP//PBE-D3(B]J)/def2-TZVPP). Tight
convergence criteria for SCF 10~® Ey, energy 10’ E, and
gradients 10™* Ep/a, were applied throughout.

Definition of the lattice energy and thermal corrections

The lattice energy, Ejay, is defined as the energy needed for
breaking up the static crystal lattice. More specifically it is
defined as the energy difference between a static perfect infinite
crystal (ideal static solid - iss) and its related ideal static gas
(isg) of non-interacting molecules in their lowest energy con-
formation both at 0 K (see eqn (2)) where Z is the number of
molecules in the unit cell)

E
_Elatl - % - Eisg (2)

For a comparison to experimental sublimation enthalpies at
finite temperature, thermal corrections to the ideal static solid

This journal is © the Owner Societies 2022
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have to be added. The corrections are comprised of the zero-
point vibrational energy and thermal corrections between 0 K
and the reference temperature. Contributions from the zero-
point vibrational energy difference between the ideal solid and
gas and the integral of the difference in heat capacities between
gas and crystal at the reference temperature are summed in a
correction term AH q.;.

A simplified expression to AH.q,, is the molecule and crystal
structure-independent 2RT-approximation which is often used
in computational chemistry (see eqn (3)).>

AHsubl = 7E1att — 2RT (3)

It is based on the assumption that zero-point vibrational energy
differences between the crystal and gas can be neglected
(AEzpg = 0) and that molecular vibrations are identical in the
crystal and in the gas phase. It additionally assumes that
intermolecular vibrations can be treated at the high-
temperature limit. Then, the heat capacity of the solid can be
approximated by C5 = 6R.>®

For an ideal gas, the translational (CEans = 5/2R) and
rotational (C§ o« = 3/2R) degrees of freedom are considered to
give AHcorr = (5/2R — 3/2R — 6R) = —2RT.

Differences between back-corrected ‘experimental’ lattice
energies using vibrational frequencies or the 2RT-approximation
from eqn (3) were between 0.7 and 1.4 k] mol *.** Recently, it was
confirmed from plane wave DFT calculations that vibrational free-
energy corrections are small with a mean value of 1.0 kJ mol " for
a test set of organic polymorphs.>®

However, calculations using on the X23 benchmark set show
that the ‘—2RT" thermal correction is a simplified approximation,
since the magnitude of correction is dependent on the crystal
structure studied. In addition, different electronic structure meth-
ods (PBE-XDM, PBE-TS, DFTB3-D3) were not converging to give
these values. Differences between the “—2RT” approximation
and quantum chemical, crystal structure-dependent thermal
corrections are non-systematic and between —5 kJ mol ' and
+3 kJ m0171'17,60,61

Source of experimental heats of sublimation

Chickos and Acree compiled a compendium of heats of sub-
limation of organic and organometallic compounds."* The data
reported for the same compound show variations due to possible
lack of careful calibration studies with respect to reference
compounds or different experimental temperatures. Substantial
differences in sublimation values are revealed which establish
the need for documentation of accuracy of measurements.

Simplified empirical methods are used to determine
ACEs0ld = ggas _ osolid which are independent of the mole-
cular structure. The suggested theoretical value of AC§*°lid =
6RT (~28] mol ' K 1) is close to that of an experimental data
set of 284 measurements on 102 different solids with an
optimal temperature coefficient of 32 J] mol™* K ' and a
large standard deviation of 23 J mol * K~ AC§**°ld = 32 +
23Jmol ' K 1%

Experimental heat capacities for many solids are available at
298 K, whereas those of gases at that temperature have to be

This journal is © the Owner Societies 2022
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estimated. The 6R approximation (see above) relies on an ideal
gas assumption and the Dulong-Petit value for the solid.

The manually curated entries of the XTMC43 data set are
given in the ESLT The lattice energy Ejae,exp iS Obtained using
the ‘2RT" approximation. In case of several experimental data
points, an average of the values at or close to 298 K is taken
while the largest estimated experimental error is kept in order
to have a careful estimate of experimental uncertainty.

In particular, the following decision route was taken:

(i) Choice of experimental heats of sublimation at or close
to 298 K.

(ii) In case of several entries at or close to 298 K, removal of
outliers that differ by more than +10%.

(iii) When multiple entries remain, take the average, calcu-
late average deviation and consider this as ‘experimental
uncertainty’.

(iv) When ‘experimental error’ is stated, retain largest value.
Otherwise use 4 k] mol™.

Results and discussion
The XTMC43 benchmark set

The transition metal complexes of the XTMC43 benchmark set
are shown in Fig. 1. It consists of a series of 43 transition metal
complexes covering a range of 3d-, 4d-, and 5d-transition metal
elements in various oxidation and spin states which are coor-
dinated by different ligands (see Fig. 1). There are 18 open shell
and 25 closed-shell complexes in the data set. The number of
atoms per unit cell is smallest for complex 32 (25 atoms) and
largest for complex 20 (344 atoms). The number of molecules
per unit cell Z ranges from 1 (complexes 27, 31 and 32) to 8
(complex 20) but most of them have 2 or 4 molecules per unit
cell (21 and 18 entries, respectively).

This set of complexes serves as a benchmark to assess the
accuracy of periodic DFT calculations for lattice energies of
organometallic crystals.

We validated for a set of complexes for which several single
crystal structures are available in the CCDC (compound entries
08, 09, 13, 31, 32) that the differences in lattice energies
between them were below 4 k] mol™" and the choice of CCDC
entry does not significantly affect our discussion of results (see
Table S1, ESIt). It was also shown for entry 02 that the energy
differences between the 1977 X-ray structure obtained at room
temperature (295 K)** and the 2020 low temperature structure
(120 K)® were 2-3 k] mol ™" only (see Table S2, ESIt). It becomes
apparent, that the choice of CCDC entry has only a very minor
effect on the calculated lattice energies. We did not consider
the polymorphism of organometallic crystals in this study.

Table 1 reports the selected single crystal structures together
with temperature for structure determination, metal and oxida-
tion state plus the number of molecules per unit cell.

Heats of sublimation

Data for experimental heats of sublimation for entries of the
benchmark set were extracted using the procedure explained above.

Phys. Chem. Chem. Phys., 2022, 24, 29338-29349 | 29341
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Fig.1 Transition metal complexes 1-43 in the XTMC43 benchmark set for which single crystal structures and experimental heats of sublimation

are known.

For the 43 entries, 106 individual experimental data points remain
of which only 5 were obtained at elevated temperatures between
331 and 549 K. However, even those did not differ by more than 5
(entry 29) to 12 (entry 32) k] mol™" from experiments at room
temperature. The collection of experimental heats of sublimation
plus experimental details are given in the Table S3 (see ESIT).

29342 | Phys. Chem. Chem. Phys., 2022, 24, 29338-29349

Fig. 2 shows the correlation between the individual data points
and their mean values which is excellent. The variation of indivi-
dual measurements from the mean value for each compound, can
be considered as ‘experimental uncertainty’ (see Table S3, ESIt).

Each experimental technique also has its own source of
‘experimental error’ which is sometimes reported with the data

This journal is © the Owner Societies 2022
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Table 1 List of transition metal complexes of the XTMC43 set. CCDC unique identifier, temperature at which crystal structure was determined, central

metal with oxidation state, and number of molecules per unit cell

Entry Compound name CCDC ID (Teryse)” Metal oxidation state z
1 Tris(2,4-pentanedionato)-chromium(m) ACACCRO7 (290 K) crt 4
2 Bis(2,4-pentanedionato)-chromium(m) ACACCS (r.t.)? cr 2
3 Bis(2,4-pentanedionato)-copper (i) ACACCUO2 (r.t.) cu* 2
4 Tris(2,4-pentanedionato)-manganese(i) ACACMN21(r.t.) Mn** 4
5 Bis(2,4-pentanedionato)-oxovanadium(iv) ACACVO12 (r.t.) v 2
6 (n6-Benzene)-tricarbonyl-chromium BZCRCO14 (r.t.) cr’ 2
7 (n6-Toluene)-tricarbonyl)-chromium CCRTOLO1 (r.t.) cr’ 4
8 Bis(n5-cyclopentadienyl)-titanium(iv) dichloride CDCPTIO04 (r.t.) Ti* 4
9 (n5-Cyclopentadienyl)-titanium(wv) trichloride CEHPIOO1 (r.t.) Ti*" 2
10 Tris(2,4-pentanedionato)-cobalt(i) COACAC10 (r.t.) Co** 4
11 Bis(n5-cyclopentadienyl)-vanadium(i) CPNDYVO07 (r.t.) v2* 2
12 trans-Bis(1-phenylbutane-1,3-dionato)-copper(n) CUBEACO1 (r.t.) cu* 2
13 Bis(8-hydroxyquinolinato-N,O)-copper(ir) CUQUINOS5 (r.t.) cu** 2
14 Bis(n6-benzene)chromium DBENCR11 (r.t.) cr’ 4
15 Bis(n5-cyclopentadienyl)cobalt(r) DCYPCOO04 (r.t.) Co** 2
16 Bis(2,2,6,6-tetramethyl-3,5-heptane-dionato)-copper(u) DERNODOS5 (r.t.) cu** 2
17 Bis(N, N-dimethyldithiocarbamato)-copper(ur) DMTCCU (r.t.) cu* 4
18 Bis(2,2,6,6-tetramethylheptane-3,5-dionato)-nickel(u) DPIMNI (r.t.) Ni** 2
19 Bis(2,4-pentanedionato)-nickel(ir) DURHEE (r.t.) Ni** 2
20 Tris(2,4-pentanedionato)-iron () FEACACO3 (r.t.) Fe** 8
21 Bis(n5-cyclopentadienyl)-iron(ir) FEROCE27 (r.t.) Fe** 2
22 Hexacarbonyl-chromium FOHCOUO02 (r.t.) cr’ 4
23 Tris(1,1,1,5,5,5-hexafluoro-2,4-pentanedionato)-chromium(i) IGAGEC (r.t.) crrt 4
24 Bis(2,2,6-trimethylheptane-3,5-dionato)-copper (i) IPEZOS (r.t.) cu** 2
25 Bis(N, N-di-isopropyldithiocarbamato)-nickel complex IPTCNI1O0 (r.t.) NiZ* 4
26 Bis(2,4-pentanedionato)-cobalt(ir) LIYLIO (190 K) Co>* 2
27 Bis(3-methylpentane-2,4-dionato)-copper (i) MACACU10 (180 K) cu* 1
28 Bis(n5-cyclopentadienyl)-nickel(n) NCKLCNO1 (101 K) Ni** 2
29 Bis(N, N-diethyldithiocarbamato)-nickel(u) NIDCARO6 (r.t.) Ni** 2
30 Bis(salicylaldoximato-N,0)-nickel(i) NISALOO1 (r.t.) Ni** 2
31 trans-Bis(1,1,1-trifluoro-2,4-pentanedionato)-copper(i) QQQBWPO03 (173 K) cu* 1
32 Bis(N, N-dimethyldithiocarbamato)-nickel(n) TCBMNI (r.t.) Ni** 1
33 Bis(2,4-pentanedionato)-palladium(i) ACACPDO1 (100 K) pd* 2
34 bis(n5-cyclopentadienyl)-ruthenium(u) CYCPRUOS6 (r.t.) Ru*" 4
35 Hexacarbonyl-molybdenum FUBYIKO1 (98 K) Mo° 4
36 Dihydrido-bis(n5-cyclopentadienyl)-molybdenum(iv) HCYPMOO?2 (r.t.) Mo** 4
37 Bis(8-hydroxyquinolinato)-palladium(u) HQUIPDO1 (100 K) pd>* 2
38 Dichloro-bis(n5-cyclopentadienyl)-hafnium(iv) KOKPEF (r.t.) Hf* 4
39 Hexacarbonyl-tungsten KOVSODO2 (r.t.) w° 4
40 Tris(2,4-pentanedionato)-iridium (i) QQQCXJ02 (273 K) It 4
1 Tetrakis(1,1,1-trifluoro-2,4-pentanedionato)-hafnium(Iv) REGSAY (243 K) Hf* 2
42 Dihydrido-bis(n5-cyclopentadienyl)tungsten(iv) REPKIH (200 K) w** 4
43 Bis(n5-cyclopentadienyl)-osmium(ir) SINWER (r.t.) 0s** 4

@ Temperature at which crystal structure was determined. ? r.t. room temperature (283-303 K).

and sometimes only estimated. When there are several
data points for a compound, we retain the largest given
‘experimental error’ (see below). Chickos discusses the advan-
tages and reliabilities of experimentally determined heats of
sublimation.'®> Knudsen or mass effusion and torsion effusion
methods and calorimetric method are mentioned to be the
most accurate experimental techniques. However, sublimation
enthalpies reported in the literature measured calorimetrically
that have been standardized only by the Joule effect appear to
be lower than similar measurements made on other instru-
ments and techniques, generally by a few per cent.

Comparison of calculated and experimental structures

Structural data of the organometallic crystals are very well
reproduced from periodic PBE calculations using the smaller
def2-TZVP basis set already (see Table S4, ESIt). The RMSD
between experimental and optimized crystal structures is of the

This journal is © the Owner Societies 2022

order of 0.1-0.16 A. It increases to 0.3-0.4 A when there is a
rotation of methyl groups or an aromatic ring moiety. The increase
of basis set to def2-TZVPP only marginally reduces the RMSD.

Comparison of experimental and calculated lattice energies

Fig. 3 shows the results of calculated lattice energies for the
XTMC43 set using different basis sets and exchange-correla-
tion functionals. We report the deviation of calculated from
experimental data in k] mol .

A negative value is indicative of an overestimation of the
cohesive energy and positive values are underestimating the
lattice energy.

PBE tends to overestimate the stabilization or organometallic
crystals by a Mean Signed Error (MSE) from —9.8 to —8.9 k] mol "
(see Table 2). Such an overstabilization of van der Waals com-
plexes can be assigned to originate from the addition of a
dispersion correction to an exchange functional that was designed
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Fig. 2 Correlation between individual measurements and mean values for AHg . A total of 106 experimental sublimation enthalpy data points for 43
organometallic compounds as a function of their mean. The equation of the line is given by: AHgp expt = (0.999 + 0.013) AHgup mean + (0.001 £ 1.50).

Correlation coefficient: r? = 0.982.

to already mimic some dispersion-like interactions which then
leads to a double counting of short-range dispersion.®® The results
are hardly affected by an increase in basis set size from TZVP to
TZVPP (see Table 2). The Mean Relative Error, MRE, reduces from
9.3 to 8.9%. This was also found for organic molecular crystals.*®
It can thus be stated that the medium-sized Ahlrichs’ def2-TZVP
basis sets are able to obtain consistent lattice energies for both
organic and organometallic complexes.

The GGA PBE and the meta-GGA M06-L in combination with
the large def2-TZVPP basis set are able to give consistent results
with mean signed errors of —8.9 k] mol™" and +4.4 k] mol ™",
respectively (see Table 2) given an average experimental lattice
energy of 115 kJ mol~". M06-L underestimates lattice energies
for 2/3 of all complexes. The MRE, however, is almost
unchanged (8.9 vs. 8.4%). Table 2 gives further statistical
analysis and shows that M06-L performs slightly superior to
PBE and has a slightly smaller distribution of errors although
the mean absolute (MAE) and relative errors (MRE) are close.

40
PBE-D3(BJ)/def2-TZVP

30

20

- Epattcaic) kJ mol”

A(Eatenp

-20

-30

-40

——PBE-D3(BJ)/def2-TZVPP

Table 2 Statistical analysis of calculated lattice energies of organome-
tallic complexes from the XTMC43 set

PBE-D3(BJ)/ PBE-D3/ MO06-L/

def2-TZVP def2-TZVPP def2-TZVPP
RMSE“/k] mol * 14.6 + 11.2 13.9 + 10.8 11.0 + 10.2
MSE?/k] mol ™! -9.8 & 8.0 —8.9 £+ 10.8 4.4+ 10.2
MAE®/k] mol ™" 11.2 + 9.5 10.6 + 9.1 9.1+6.3
MRE®/% 9.3 + 8.1 8.9+ 7.8 8.4 + 6.4

“ Root mean square error. © Mean signed error. ¢ Mean absolute error.
¢ Mean relative error.

The M06-L meta-GGA is parametrized against 22 energetic
databases which also include non-covalent interactions and
transition metal dimer and transition metal-ligand dissocia-
tion energies.”” In a series of 31 semi-conductors, the M06-L
functional performs superior for bandgaps®” but slightly less so
for lattice constants.®® For the XTMC43 set, there are certain

—4—MO06-L/def2-TZVPP

Fig. 3 Deviation of calculated lattice energies from experimental values for complexes 1-43.
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problematic cases with large deviations from experiment that
will be discussed below.

Discussion of systematic and non-systematic errors

Fig. 4 shows the results of periodic DFT calculations and
systematic errors of experimental heats of sublimation. The grey
area in Fig. 4 is the experimental error as given in the original
literature, usually between 4 and 8 kJ mol " (1-2 kcal mol %)
This seems to be a very optimistic estimate. Only for complex 30
(NISALOO1), a significantly larger error estimate of 29 k] mol " is
given. This is unexpected since also experimental data for 13, 19,
and 37 come from the same source with significantly lower
errors (3, 10, and 4 kJ mol ™, respectively; see below). According
to calculations, a value between 153 kJ mol™ ' (for PBE) and
132 kJ mol™" (for M06-L) appears plausible in contrast to the
given lower experimental value of 117 kJ mol~". Given the
observed overbinding for PBE and underestimation of lattice
energies for M06-L these value seem to represent lower and
upper boundaries.

Analysis of the scattering of individual experimental heats of
sublimation for a compound from its mean value gave a
standard deviation of £23.9 k] mol ' for a total of 395 mea-
surements on 80 compounds which is three times what would
be expected for organic compounds.'® Such a magnitude of
experimental uncertainty is beyond any experimental error,
temperature effects, use of different experimental techniques
and the correlation of the XTMC43 experimental data (see
above). However, this estimate of experimental uncertainty
serves as an upper limit of error estimate (dotted lines in Fig. 4).

Even if the estimate of uncertainty of +23.9 kJ mol ™" is too
pessimistic for this set of complexes, there are several complexes
with even larger deviations from experimental lattice energies.

Complexes 9 (Ti(iv)CpCls), 13 (Cu(u)(oqu),), 19 (Ni(u)(acac),),
and 37 (Pd(u)(hoqu),) show unusual large deviations from

40

30

View Article Online

PCCP

experiment. M06-L is underestimating the lattice energies of
these complexes by 15-20 kJ mol " and more.

Complexes 13 (Cu(u)(oqu),) and 37 ((Pd(u)(oqu),) contain the
same bis(8-oxyquinolinato) ligand and experimental data come
from the same original article.®® Burkinshaw and Mortimer
used a Knudsen cell in which volatile complexes that sublime
below 70 °C are difficult to measure. Their given experimental
uncertainties of 3 and 4 k] mol ™%, respectively, seem to be too
optimistic. However, in particular the deviation of the M06-L
result for 37 by underestimating the lattice energy by 26 kJ mol ™
is striking. We can assign this deviation to an intrinsic error of
this particular mGGA functional. By use of the TPSS-D3(BJ) meta-
GGA, a smaller deviation of 14.5 k] mol™" (a reduction in
deviation by 11 kJ mol ") is obtained which is consistent with
the PBE results. Also for complex 13, the deviation from experi-
ment reduces from 16.1 kJ mol " (for M06-L) to —13.3 kJ mol "
(for TPSS-D3(BJ)).

For compound 19, Ni(u)(acac),, the TPSS meta-GGA signifi-
cantly reduces the deviation from experiment from 14.9 kJ mol *
(M06-L) to 3.1 k] mol " (TPSS).

Apparently, the explicit consideration of atomic dispersion
coefficient in DFT gives results superior to the implicit disper-
sion consideration during parameter fitting with M06-L for
these complexes (Fig. 5).

For complex 9 (CpTiCl;), both PBE and M06-L give under-
estimated lattice energies with deviations of 15 and 26 kJ mol "
which is unusually large for this set of compounds. TPSS-D3(B]J)
gives a deviation of 8 k] mol™' from experiment. The given
experimental heat of sublimation of 105 + 8.4 kJ mol* in the
original article’® is an estimate only based on values of com-
pounds of similar composition and structure (here CpZrCl;). It
is identical to that of the zirconium analogue compound.

Whereas CpTiCl; adopts a structure similar to that of tetra-
hedral TiCl, in which one chlorine atom has been replaced by
the (n5-CsH;) ligand, ZrCl, is a p,p’-dichloro-bridged polymer

A(Epattexp - Eattcalc) kd mol-!

—=—PBE-D3(BJ)/def2-TZVPP

-40

—4—MO06-L/def2-TZVPP

Fig. 4 Deviation of lattice energies from periodic DFT calculations from experiment for entries of the XTMC43 set. Grey areas: experimental errors as
specified. Dotted lines are the estimates of maximum experimental uncertainties (+23.9 kJ mol™) from ref. 15.
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Fig. 5
from experiment in Fig. 4.

(Cly(ZrCl,)Cl,) and this is also reflected in the CpZrCl; crystal
structure.”” The extra bridging p,p'-dichloro-zirconium interac-
tions suggest that the heat of sublimation will be lower for
CpTiCl; compared to CpZrCl;. In our calculations for CpZrCls,
the calculated lattice energies are in good agreement with
experiment (with a deviation of +6 k] mol™" for PBE/def2-
TZVPP and +13 kJ mol " with M06-L/def2-TZVPP). This shows
that the lattice energy of 110 k] mol " for CpTiCl; has to be
corrected and will not identical to that of CpZrCl;. DFT calcula-
tions suggest a lower value between 95 (PBE) and 83 kJ mol "
(Mo6-L).

Overall correlation and distribution of values

Fig. 6 displays the overall distribution of data points for
experimental, PBE and MO06-L lattice energies. The beanplot
allows the comparison of the four different lattice energy
values, their distribution as a density shape and their mean
values.

m MO6-L

1

m TPSS-D3(BJ)

Investigation of the effect of choice of functional on calculated lattice energies for complexes 9, 13, 19, and 37 which showed large deviations

From Fig. 6 it becomes apparent, that the PBE-D3(BJ) results
are slightly overestimating mean lattice energies (PBE-D3(BJ)/
def2-TZVP 138.2 k] mol " and PBE-D3(B])/def2-TZVPP
135.8 k] mol™ ') compared to experimental lattice energies
(127.3 k] mol™"). For M06-L, a mean of 128.2 k] mol " is
obtained. This is also reflected in the density distribution of
data points and the respective quartile values (see Table S6 for
more details, ESIT).

Conclusions

Atom-centred Gaussian-type basis functions in combination
with GGA or meta-GGA exchange—correlation functions are able
to provide useful calculated lattice energies not only for organic
molecular crystals’> but also for organometallic crystals. For
the X23 benchmark set of molecular organic crystals, the PBE
functional with dispersion corrections had a mean relative
error (MRE) of 9%’® which can also be obtained for transition

200

150

100

Lattice energy, ki mol!

50 —

T T
Exp. PBE-D3(BJ)/def2-TZVP

T T
PBE-D3(BJ)/def2-TZVPP MO6-L/def2-TZVPP

Fig. 6 Beanplot of lattice energy data. Black lines show the means; white lines represent individual data points; polygons represent the estimated density
of the data. Experimental lattice energy data are compared with DFT calculations.
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metal complexes. The non-covalent interactions between
compounds of the X23 and XTMC43 are molecular (van der
Waals, electrostatic and hydrogen bonding) in nature and
relatively weak.

Overestimated delocalization in current dispersion-corrected
DFT methods may lead to erroneous results in particular for
molecular crystals of acids and bases.®®”*”7° The development
of many-body dispersion corrections for proper treatment of
long-range dispersive interactions will improve the description
of interactions in molecular crystals.

The demonstrated controllable systematic error with upper
and lower boundaries of results for PBE and M06-L thus allows
to extend investigations to more diverse sets of crystals. It can
also be used to systematically assess the reliability of reported
experimental heats of sublimation for a particular ligand family
along the periodic table. These results will improve the con-
sistency of reported data and can form the basis for more
approximate descriptions of cohesive energies in organometal-
lic crystals. Distinctions between non-covalent and more
complex interactions is often quite intuitive in organic chem-
istry, however, this may not be the case in transition metal
chemistry, and so caution is also necessary in this context.*®

Calibration and reproducibility of experiments are funda-
mental requirements for every sublimation enthalpy measure-
ment and likewise computational approach. Unlike other
thermochemical measurements, uncertainties in sublimation
enthalpies can be large, often several k] mol™" or more. The
compendium of Chickos and Acree,™* that contains experimen-
tally determined sublimation enthalpies for organic and orga-
nometallic compounds, also discusses challenges to obtain
accurate values. For heats of sublimation >100 kJ mol ', when
the compounds usually have a low vapor pressure, experiments
have to be performed at elevated temperature for which there
are no standards for the calibration of instruments under
these conditions available. The uncertainty between mean
and individual points of experimental sublimation enthalpies
of organometallic compounds is particularly high and almost
three times higher than for organic molecules."® For the same
reason, a set of calibration and assessment of the accuracy
of current computational approaches in calculating lattice
energies and heats of sublimation is required. The training
set ought to consider variations in central metal atoms, oxidation
and spin states and ligand coordination and should encompass
several independent computational methods. Likewise, the more
advanced incorporation of thermodynamic and thermal correc-
tions to experimental heats of sublimation will assist the design of
an accurate database of curated data.

Computational approaches are nowadays efficient and
accurate enough to process a large number of structures or
complexes in a reasonable amount of time. The computational
discovery of novel transition metal complexes and catalysts
from high throughput screening and machine learning opens
the field of a data driven approach to the design of catalysts.””
The XTMC43 set of compounds serves as a first investigation
that allows making such a statement based on quantitative
results.
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