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Towards accurate and precise positions of hydrogen atoms
bonded to heavy metal atoms

Aspherical atomic scattering factors obtained with the
DiSCaMB software were used in Hirshfeld Atom Refinement
of transition-metal-bound hydride complexes. This work
shows that for the highest-quality data excellent agreement
of the X-ray and the neutron-derived metal-hydrogen bond
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A comparison of five X-ray structures of transition-metal-bound hydride
complexes, successfully refined using Hirshfeld Atom Refinement (HAR)
against low resolution X-ray diffraction data (including the positions and
ADPs of all hydrogen atoms), with neutron structures shows that using
aspherical atomic scattering factors instead of spherical ones results in
systematic elongation of metal—hydrogen bonds, which in the case of
the highest-quality data leads to excellent agreement of the X-ray and
the neutron-derived bond lengths.

The Independent Atom Model (IAM)" is the most commonly
applied model of electron density in the structural refinement
of X-ray diffraction data. It treats atomic electron densities as
spherical densities of isolated atoms and thus does not allow to
take into account aspherical deformations of density arising
from bond formation and other interactions between mole-
cules in crystals. Hydrogen atoms are severely affected by the
lack of asphericity in this model since they possess only one
valence electron with the density strongly shifted towards the
atom they are bonded to. As a consequence, the lengths of
bonds involving hydrogen atoms are considerably underestimated
and usually anisotropic thermal motions of hydrogen atoms
cannot be refined within the IAM formalism. For bond types
common in crystals of organic compounds, IAM underestimates
the distance of hydrogen atom to its bonding partner roughly by
0.12 A% The Hirshfeld model implemented in the procedure of
Hirshfeld Atom Refinement (HAR)® has been confirmed to signifi-
cantly increase accuracy and precision of determining hydrogen
positions based on X-ray diffraction data of not only high but
also standard resolution. For bond types common in organic
compounds, mean X-H bond lengths obtained with HAR are
underestimated by 0.01-0.02 A compared to the neutron values,’
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which on average results only in a 0.014 A difference.* HAR also
enables refinement of anisotropic displacement parameters
(ADPs) of hydrogen atoms, with the proviso that the HAR ADPs
are less accurate than the ones derived from neutron diffraction
or estimated with other methods.*”

Transition metal (TM) bound hydrides pose a challenge for
X-ray crystallography. They can be used as hydrogen storage
materials, and play an important role in the search for
superconductivity,” for example, palladium hydrides. T™M
hydrides participate in a variety of chemical processes - as
catalysts or intermediate compounds - such as energy
conversion,® catalytic hydrogenation, and reactions involving
C-H bond activation.’ The position of the hydrogen atom in the
vicinity of a TM atom is particularly difficult to determine with
X-ray diffraction due to strong screening by the electron rich
metal atoms. A few attempts of using HAR to tackle X-ray
structures containing heavy metals, including relativistic
effects, have been made.'® Nevertheless, to date, only 5 struc-
tures of complexes with TM-H bonds have been successfully
refined with HAR,>" for only two of which a complementary
neutron data set is available. Refinement of such structures
demands a flexible HAR procedure, which initiated integration
of HAR with Olex2,"* such as HARt,'> NoSPherA2 (Non-
Spherical Atoms in Olex2)'® - implementing relativistic effects
and anharmonicity refinement, and DiSCaMB (Densities in
Structural Chemistry and Molecular Biology) - introducing a
choice of electron density partitions and also enabling relati-
vistic effects."*

In this study, the DiSCaMB version of HAR developed in our
group (further called DiSCaMB-HAR) is challenged to refine
positions and thermal motions of hydrogen atoms in 5 X-ray
data sets collected for TM bound hydride complexes (CCDC
refcodes: QOSZON, MIGKIY, NOBBOX, SITKUB, XAXMEP), for
which also neutron data sets are available. The structures were
retrieved from the Cambridge Structural Database (CSD) and
the exact refcodes and literature references for the utilized
structures can be found in the ESL{ The selected data sets include
complexes of metals from periods IV, V and VI (Fe, Ru, Rh and Os),
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which enables a study of performance of HAR in establishing the
position of H atoms bonded to TMs with an increasing number of
electrons. The structure factor data utilized in this study were either
those deposited in the CSD or available on the webpage of the
corresponding publication and were used in the refinements
carried out in an unchanged form. The method used to obtain
the molecular wave function and derive the atomic scattering
factors used in HAR was DFT/B3LYP in combination with the basis
sets chosen according to the heavy atom present in the structure:
cc-pVDZ for the Fe complex, cc-pVTZ-DK for Ru and Rh, and jorge-
DZP" for Os. Additionally, for the Fe and Os complex, refinement
with the triple-{ version of the basis set was also performed. The
refinement was started from the retrieved IAM structure. Positions
of all hydrogen atoms were freely refined. The adjustment of
weighting scheme was a crucial factor allowing to obtain the best
quality of the final structure and in some cases to successfully
complete the refinement. The detailed description of the com-
putationally demanding DiSCaMB-HAR procedure is available in
the ESI, where we present how, compared to the IAM and neutron
values, refinement statistics (max(parameter shift/Sigma)), goodness
of fit, R, WR,, (minimum and maximum residual density) and TM-H
or Si-H bond lengths change in each DiSCaMB-HAR cycle and how
they stabilize to prove that the criterion max(parameter shift/Sigma)
<1 between the subsequent DiSCaMB-HAR cycles is enough to
finish refinement. It is stopped when the specified quantities
stabilize, not when the results are better than the ones from IAM.
The most significant improvement of bond lengths is usually
observed in the first DiSCaMB-HAR cycle and the subsequent cycles
bring minor changes. Additionally, IAM re-refinement of the
retrieved structures was performed using olex2.refine against all
the available reflections, as in HAR, and resulted in improvement
of TM-H bond lengths for XAXMEP and no change in this respect
for the other structures.

Both neutron and X-ray data quality and the quality of the
models obtained in the course of refinement is crucial for a
reliable comparison of TM-H bond lengths. At the same time,
crystal structures with TM-bonds for which both neutron and
X-ray data have been collected are scarce and we have to take
into account the fact that there may be some factors related to
data collection, which will obstruct determination of hydrogen
positions both with IAM and HAR. In order to make the reader
take notice of this problem, we ranked neutron and X-ray data
and the models obtained as a result of refinement of those data
according to their quality and combined it into the overall
ranking of the 5 analyzed structures according to their neutron/
X-ray data/refined model quality (details in the ESIt). The
ranking lists at the top the NOBBOX and QOSZON structures,
then SITKUB followed by MIGKIY and is closed by XAXMEP.
One can notice that this ranking corresponds with the increasing
number of electrons in the TM. It can be predicted that the
neutron-HAR bond lengths comparison will be the most favorable
for the structures at the top of this ranking and divergences will
increase towards the end of the ranking. Therefore, TM-H bond
lengths from the optimized geometries were used as an additional
benchmark (details in the ESIt). The evaluation of general quality
of all hydrogen positions in the 5 structures obtained with the
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DiSCaMB-HAR method in comparison with IAM can be found in
the ESIt (Table S2).

Unfortunately, in all the cases the temperatures at which
X-ray data were collected (100-293 K) are substantially higher
than the data collection temperature of the neutron data sets
(20 K in all the cases), which may hinder comparison of bond
lengths, let alone parameters characterizing thermal motions.
In order to verify the influence of problematic refinement of
hydrogen ADPs on the resulting hydrogen positions, an attempt
of HAR with hydrogen ADPs estimated with SHADE2'® was
made (using SHADE3 would require geometry optimization
under periodic boundary conditions which would be proble-
matic for such large challenging systems). For all the systems
but one (QOSZON), the SHADE2-HAR approach was unsuccessful,
resulting in the structure falling apart in the first cycles of least
squares refinement. Refinement of thermal ellipsoids of hydrogen
atoms is a problematic aspect of HAR, however, isotropic and
anisotropic treatment” or even using SHADE® result in comparable
positions of hydrogen atoms.

Anisotropic refinement of hydrogen thermal motions was
achieved for 3 structures from the top of the data-refinement
quality ranking (QOSZON, NOBBOX, SITKUB - see Fig. 1). In
the case of QOSZON, full anisotropic refinement resulted in
non-positive definite (N.P.D.) thermal ellipsoids for the two
hydrogen atoms (H1 and H2) bonded to Fe, both when cc-pvVDZ
and cc-pVTZ basis sets were used. Therefore, we also performed
HAR with H1 and H2 refined isotropically. The best result in
terms of Fe-H bond lengths was achieved for the cc-pVTZ
refinement with isotropic H1 and H2 and we use this structure
in further discussion. Using SHADE for estimating hydrogen
ellipsoids did not bring further improvement. Still, the SHADE-
estimated ellipsoids for QOSZON may be used to assess the
quality of hydrogen ADPs refined with HAR. Statistics from all
6 versions of refinement of QOSZON are presented in the ESL.f
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Fig. 1 The structures obtained in the course of DiSCaMB-HAR with the
names of TMs, TM-bound H and Si atoms marked. H atoms refined
anisotropically: QOSZON (with H1 and H2 refined isotropically), NOBBOX,
SITKUB. H atoms refined isotropically: XAXMEP, MIGKIY.
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In the case of the 3 X-ray structures for which anisotropic
refinement of hydrogen thermal motions was feasible, the
DiSCaMB-HAR method improves the accuracy of determination
of the positions of hydrogen atoms bonded to TM atoms
(see the values in Table 1), as shown by comparison of the
DiSCaMB-HAR, IAM and neutron values. DiSCaMB-HAR also
results in improved precision of the discussed bond lengths -
the DiSCaMB-HAR bond length errors are up to two times
smaller than for IAM. Still, the DiSCaMB-HAR errors are one
order of magnitude higher than the neutron ones, unless the
neutron bond length precision is decreased, as it is in the case
of SITKUB. The most outstanding agreement was achieved
between the DiSCaMB-HAR and the neutron position of the
TM-bound hydrogen atom in the case of the NOBBOX structure
(see Table 1). The difference between both values is equal to
0.005 A, which is less than 2 neutron esds. The IAM bond
length in this case is also quite close to the neutron length.
However, the difference between the IAM and the neutron value
is 0.038 A (within 13 neutron esds), which is a much bigger
difference than in the case of DiSCaMB-HAR. The HA atom is
also bound to a Si atom and in the case of the SiA-HA bond
length the comparison between the neutron and HAR value is
equally favorable for HAR, whereas for IAM the level of simi-
larity is decreased. The DiSCaMB-HAR Si-HA bond length
compared to the neutron ones is underestimated by 0.006 A,
which is less than 50% of the average shortening achieved with
HAR for X-H bonds in organic compounds. In the case of IAM,
the bond length is underestimated by 0.064 A, which is much
worse than the DiSCaMB-HAR result, but still much better than
the average underestimation made by IAM.> What is more, all
thermal ellipsoids of hydrogen atoms, including the one
bonded to Ru, have regular shapes. The excellent outcome
achieved for the NOBBOX structure corresponds with its highest
position in the data-refinement quality ranking of structures (see
the ESIYt).

In the case of QOSZON, which is ranked as the second
structure, using the cc-pVTZ basis set and isotropic refinement

Table 1 TM-H and
various methods

Si—-H bond lengths (units: A) obtained with

Structure Bond Optimized  Neutron 1AM HAR
QOSZON®  Fe-H1  1.530 1.529(2)  1.44(2) 1.522(15)
Fe-H2  1.517 1.521(2) 1.42(2) 1.505(14)
NOBBOX  Ru-HA  1.590 1.598(3)  1.55(2)  1.593(11)
SiA-HA  1.879 1.874(3)  1.82(2) 1.868(13)
SITKUB Rh-H1  1.531 1.531(11)  1.40(2) 1.433(13)
MIGKIY Ru-HA  1.596 1.600(8)  1.55(4) 1.58(6)
Ru-HB  1.579 1.587(7) 1.47(4)  1.47(4)
SiA-HA  1.750 1.737(10)  1.62(4)  1.72(6)
XAXMEP  Os-H1  1.636 1.606(17) 1.60(7) 1.68(3)
Os-H2  1.632 1.632(15)  1.60(6)  1.66(5)
Os-H3  1.627 1.599(21) 1.61(5) 1.68(5)
Os-H4  1.622 1.626(19)  1.63(4) 1.66(5)

Bold - HAR closer to neutron than IAM, italic - HAR further from
neutron than IAM, regular - no difference.  Refinement with cc-pvVTZ
basis set, H1 and H2 refined isotropically and the remaining H atoms
refined anisotropically.
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of H1 and H2, allows to obtain the difference between the
neutron and DiSCaMB-HAR result as low as 0.007 A for Fe-H1
(within 4 neutron esds) and to 0.016 A in the case of Fe-H2
(the level on average expected for X-H bonds in organic
compounds®), which is within 8 neutron esds. The conven-
tional HAR® performed with Tonto was even more successful
than DiSCaMB-HAR in refinement of H1 position (bond length
equal to 1.531(9) A), however, establishing H2 position, con-
ventional HAR performed even slightly worse than IAM
(1.414(8) A).

All hydrogen ADPs in SITKUB could be refined isotropically.
However, despite the fact that DiSCaMB-HAR elongates the
Rh-H1 bond by 0.033 A, as compared to IAM, the bond length
is still too short by 0.098 A in comparison with the neutron one.
Instead, the thermal ellipsoid of H1 is elongated in the direc-
tion of the bond. This structure is positioned in the middle of
the data-refinement quality ranking due to, i.e., higher negative
residual density resulting from refinement of X-ray data than
for QOSZON and NOBBOX and the 0.474 data completeness
and wR, = 16.62% in the case of the neutron structure (see ESL, T
Table S1). This suggests that quality of the X-ray data collected
for SITKUB is insufficient to refine the position of the hydrogen
atom bonded to Rh, whereas the results of geometry optimiza-
tion confirm the neutron Rh-H1 bond value.

In the case of the MIGKIY and XAXMEP (Fig. 1), which are
placed at the end of the data-refinement quality ranking, only
isotropic refinement of hydrogen thermal motions was possible
(Table 1). The low position in the ranking is caused by i.e. high
residual density maxima/minima obtained in the course of
X-ray data refinement (—0.47/0.95 e A~ for MIGKIY and
—1.54/1.00 e A~® for XAXMEP, see ESI{ Table S1), high
R = 12.9% characterizing the neutron data refinement for
XAXMEP. In the X-ray structure of MIGKIY, residual density
maps allow to detect a minor disorder within one of the
CF; groups. The disorder was not modeled due to its small
magnitude and significant distance from the metallic center,
however it could influence all the reflections. The X-ray struc-
ture of XAXMEP, in turn, is characterized by significant
amounts of residual density in the vicinity of the Os atom
and Os-H bonds (< —1 e A™3). The detailed discussion of Ru-H
and Si-H bonds in MIGKIY and Os-H bonds in XAXMEP is
available in the ESL{

To summarize, this study presents the problem of obtaining
accurate and precise positions of hydrogen atoms bonded to
TMs based on X-ray diffraction experiments. To this end,
5 standard resolution X-ray data sets for crystal structures
containing hydrogen atoms bonded to IV, V and VI-period
TMs (Fe, Ru, Rh and Os) were processed using HAR in the
version offered by the DiSCaMB library interfaced with Olex2.
The resulting bond lengths were compared to the IAM values,
to the bond lengths obtained in neutron experiments and in
the course of geometry optimization. The key factor deciding
about the accuracy and precision of locating hydrogen atoms in
the vicinity of TMs is the electronic structure of the TM, the
quality of experimental data and the electron density model
refined against it. For the structures from the top of the X-ray
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and neutron data-refinement quality ranking (QOSZON and
NOBBOX), using an advanced model of atomic scattering
factors provided by HAR, brings the TM-H bond lengths
considerably closer to the neutron values compared to IAM.
Individual adjustments in the refinement procedure (exploring
different basis sets, refining selected H atoms isotropically)
might help to obtain better results (QOSZON). For the struc-
tures lower in the ranking HAR brings certain improvement of
the position of TM-bonded hydrogen atoms (SITKUB, MIGKIY)
compared to IAM. Finally, for the lowest in the ranking struc-
ture of XAXMEP, which one would expect the most problematic
in terms of determining Os-H bond lengths, IAM results in
high agreement with the neutron values; HAR, although not as
accurate as IAM, still performs relatively well. There is still
room for advancement of the technical side of the refinement
method in the aspects of testing various basis sets and more
sophisticated computational methods (MP2, CCSD). Accounting
for relativistic effects could bring improvement particularly for
heavier TMs. The described results were obtained as a part of a
larger project aimed at exploration of the capabilities of HAR in
terms of determination of positions of hydrogen atoms bonded to
TMs. The outcome of the full analysis including a wider variety of
structures and heavy elements will be published as a separate study.
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