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Dihydrogen ligation to metal centers results in a wide range of metal-hydrogen interactions. Compounds
containing non-classical dihydrogen ligands in which the H-H contacts are significantly longer than the
0.74 A distance found in solid H, are classified as Kubas-like compounds, stretched dihydrogen ligands, or
compressed dihydrides, depending on the H-H contact length. Compounds containing stretched dihy-
drogen and compressed dihydride ligands are somewhat rare. Developing a more complete understanding
of the metal-hydrogen and hydrogen-hydrogen interactions in these species may provide insights into the
mechanisms for the oxidative addition reaction and hydrogen storage. Here, we use diffraction and inelastic
neutron scattering (INS) measurements, paired with both molecular and solid-state density functional
theory (DFT), to fully characterize the nature of the metal-hydrogen and hydrogen-hydrogen interactions in
a previously reported compound, OsCIH3(PPhs)s. In that report, the H-H distance was measured as 1.48(2) A
by single-crystal neutron diffraction and was described as a “stretched” dihydrogen. The INS-generated
phonon density of states is well described by the DFT calculations, including those normal modes domi-
nated by the vibrational motions of the three Os-ligated hydrogen atoms. The resulting calculated electron
charge density landscape indicates that there is no remnant bonding character between the Os-ligated
hydrogen atoms in the compound. Based on these findings, we update the understanding of the metal-
hydrogen bonding in this complex and reclassify it as a compressed dihydride. As such, OsCIH3(PPhs)s
represents a rare example of a non-classical compressed dihydride species.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction shows that as metal-ligated dyy elongates, the dyy distances begin

to shorten and the H-M-H angles begin to widen. Each interaction

The non-classical dihydrogen ligand has garnered considerable
interest since its discovery by Kubas and coworkers in 1984 [1-3].
The H-H distances, dyy, in non-classical ligands range between
~ 0.8-1.6 A [4]. Within this range, the H, moiety exists as three
distinct classes: Kubas-like H, ligands (dn, range of = 0.8-1.0 A),
stretched dihydrogen ligands (= 1.0-1.25 A), and compressed dihy-
drides (= 1.25-1.6 A, Fig. 1). Values of dyy greater than 1.6 A arise in
classical terminal polyhydridic species [4,5]. A closer inspection of
the H-H interaction in M-H, systems (where M is a metal center)
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depicted in Scheme 1—Kubas-like dihydrogen (I), stretched dihy-
drogen (II), compressed dihydride (III), and classical dihydride
(IV)—can be seen as a snapshot along the reaction coordinate for the
oxidative addition of H, to a metal center. Further studies into the
M-Hj; interaction are key to better understanding oxidative addition,
which is involved in many catalytic processes [6,7]|. Moreover, di-
hydrogen ligation to coordinatively unsaturated metal centers in
porous adsorbates is one possible synthetic strategy for increasing
the storage capacities at operationally relevant conditions in candi-
date hydrogen storage materials [8-12]. A better understanding of
the metal-ligand interactions in metal-dihydrogen complexes may
lead to better hydrogen storage materials, which require an optimal
interaction enthalpy to enable reversible room temperature sto-
rage [13].
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Scheme 1. The approximate ranges of dyy distances in the different classes of M-H,
compounds are shown for non-classical (I, II, III) and classical species (IV).

Compounds displaying intermediate dyy distances between 1.0 A
and 1.6 A are somewhat rare. These compounds bridge the gap be-
tween non-classical Kubas-like dihydrogen and the classical dihy-
dride ligands [4]. At some dyy distance between the two end states I
and IV in Scheme 1, the H-H bond is broken [14]. Deeper insight into
the electronic and steric influences of the other ligands in the metal
center’s coordination sphere on the M-H and H-H bonding in these
intermediate species will help to refine the synthetic criteria used in
the design of new candidate hydrogen storage materials [15]. And
even in the cases where the Kubas-like complexes contain metals
that may be too expensive or too heavy for suitable hydrogen storage
materials, useful structural information can still be gleaned.

One of the early molecules displaying an intermediate dyy
contact length was OsCIH3(PPhs); (PPhs = triphenylphosphine)
[16], The neutron-derived crystal structure revealed H-H contact
distances of 1.48(2) A and 1.67(2) A, suggesting the presence of a
non-classical “stretched” H, ligand adjacent to a classical terminal
hydride (Fig. 1). Based on the crystal structure, there was hy-
pothesized to be some remnant bonding character between H2 and
H3, even though the observed dyy contact length is nearly double
that of H in the solid state [17]. At the same time, the dosy dis-
tances of 1.60(2) A (H2), 1.61(2) A (H3), and 1.62(2) A (H1) are on
the cusp of the expected distance for classical terminal hydride
ligands [18,19], potentially suggesting a lack of any remnant
bonding interaction between the hydrogen atoms in the complex.
The crystal structure alone is therefore insufficient for providing a
detailed understanding of the nature of the M-H and H-H bonding
interactions present in OsCIH;(PPhs)s. Spectroscopic studies cou-
pled with first principles calculations are required to develop a
better understanding of these bonding interactions. A previous
NMR study found a relaxation time that hinted at a non-classical
interaction of the hydrogen atoms in this compound (T; = 26 ms at
-40°C and 300 MHz in CgDg) [20]. However, the hydride signals
coalesced at -40 °C and the T; value could have been affected by
the dissociation of ligands present in the compound. Unfortunately,
a minimum T; value could not be determined because of low so-
lubility of the complex at low temperatures which hindered the
complete characterization of the nature of the H-H and M-H
bonding interactions in this complex by NMR.

Herein, we revisit OsCIH5(PPhs)3 (1) and study the M-H and H-H
bonding interactions using single-crystal X-ray diffraction (SCXRD)
measurements, inelastic neutron scattering (INS) measurements,
and density functional theory (DFT) calculations [21]. The inter-
pretation of the INS data is supported by DFT phonon calculations.
Animations of the calculated phonon modes greatly facilitate as-
signment of the spectral features. In addition, optimized geometry
calculations for OSFHg(PPh3)3, OSBng(PPh3)3, OSIHg(PPh3)3 and
OsH,4(PPhs); provide insight into the effect of the trans ligand on the
nature of the M-H and H-H interactions.
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2. Experimental section
2.1. Synthesis of 1

The title complex was prepared as described previously [20].
20 mL of benzene were added to 0.095 mmol of OsCl,(PPhs) and
stirred until dissolved. 20 uL of NEt; were added and the entire so-
lution was frozen by placing the reaction flask in liquid nitrogen.
After freezing, the reaction flask was evacuated and filled with
600 mmHg of H,. The flask was then allowed to warm to room
temperature and stirred for 1.5h, yielding a pale green solution.
Crystals were grown by layering a minimum amount of n-hexane
over a dichloromethane solution of the compound under an atmo-
sphere of dihydrogen gas.

2.2. Single-crystal X-ray diffraction

SCXRD data for 1 were collected using a Bruker Smart APEX
diffractometer” with Mo-K, radiation (A=0.71073 A). The cell para-
meters were obtained from the least squares refinement of the spots
(from 60 collected frames) using SMART [22]. The data collection
was performed using SMART and data processing was performed
using the SAINT program [22]. Initial atomic positions were located
using direct methods. The structure was corrected for absorption
effects using SADABS [23] and refined by least squares methods
using SHELXL2018 [24]. Calculated hydrogen atom positions for the
phenyl rings were input and refined in a riding manner along with
their corresponding carbon atoms. Hydrogen atoms ligated to os-
mium atoms were not located. The X-ray crystallographic details are
summarized in Table S1 in the Supporting Information.

2.3. Inelastic neutron scattering

The neutron vibrational spectrum for 1 between 33 meV
(266cm™) and 200 meV (1613 cm™) in neutron energy loss was
measured at the National Institute of Standards and Technology
Center for Neutron Research (NCNR) with the BT-4 Filter Analyzer
Neutron Spectrometer. The experiment used horizontal 20’ colli-
mations before and after the Cu(220) monochromator [25]. Because
of the air-sensitive nature of the compound, = 1 g of the sample was
loaded while under inert atmosphere into a hermetically sealed Al
sample holder. The sample was cooled to 4 K and data were collected
for 1 day. Additional INS spectra at lower energy transfer values
were measured for 1 using the Disk Chopper Spectrometer (DCS)
[26] at the NCNR. Spectra at 4 K were collected using incident neu-
tron wavelengths of both 6 A and 9 A on the same sealed sample. The
spectral range probed in these measurements was between a neu-
tron energy gain of ~ 18 meV (=145 cm™!) and a neutron energy loss
of 2meV (=16 cm™).

2.4. Phonon mode calculation and INS simulation

First-principles DFT calculations for 1 were performed using the
Quantum ESPRESSO package [27]. For these calculations, we used
Vanderbilt-type ultrasoft pseudopotentials with Perdew-Bur-
ke-Ernzerhof exchange correlations. A cut-off energy of 544 eV and a
1x2x1 k-point mesh was used and found to be sufficient for the
total energies to converge within 0.01 meV atom™'. The crystal
structure of 1 was fully optimized with respect to the atomic co-
ordinates prior to using the finite differences method to calculate the

2 Certain commercial equipment, instruments, or materials are identified in this
document. Such identification does not imply recommendation or endorsement by
the National Institute of Standards and Technology, nor does it imply that the pro-
ducts identified are necessarily the best available for the purpose.
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Fig.1. Full molecular core of 1. The X-ray-derived structure is depicted on the left and the neutron-derived structure, adapted from reference 16, is depicted on the right. Ellipsoids
in the X-ray structure are drawn at 30% probability. Atoms in the neutron structure were refined isotropically. Hydrogen atoms associated with the PPhs ligands are omitted for
clarity. Blue, green, orange, gray, and white spheres represent Os, Cl, P, C, and H atoms, respectively. “X” in the neutron structure between H2 and H3 designates the center of the
H-H distance. The dyy distance is 1.48(2) A as measured by single-crystal neutron diffraction.

phonons. INS spectra were further simulated within the incoherent
approximation, with the neutron scattering cross sections of the
different elements appropriately weighted and the instrumental
resolution taken into account.

2.5. Geometry optimization calculations

The crystal unit cell of 1 is large (containing 428 atoms).
Therefore, we used the more efficient hybrid quantum mechanics/
molecular mechanics (QM/MM) approach to optimize and de-
termine the geometry and frequencies of several osmium com-
pounds [OsFH3(PPhs);, OsCIH3(PPhs);, OsBrHs(PPhs)s;, and
OsIH3(PPhs)3] with ONIOM (©wB97XD /GenECO:UFF) methods. The
basis set 6-311 ++G(d,p) was used for the C, H, P, Cl, F, and Br atoms
and basis set CEP-31 G for the Os atoms. QM was used on the os-
mium atom and the atoms bonded to it while the UFF was used on
the peripheral groups attached to the phosphines. These molecular
DFT simulations were done at standard temperature (298.15 K) and
pressure (1atm) in the gas phase on single molecules using the
software package Gaussian 16 [28].

3. Results and discussion
3.1. Crystal structure of 1

Fig. 1 shows the plot of the title compound. The coordination
geometry for the metal center resembles a severely distorted octa-
hedron or pentagonal bipyramid. The Os-P distances vary between
2.327(11) A and 2.439(10) A in the neutron study and between
2.3423(19) A and 2.459(2) A in the X-ray study. The P1-Os-P2 angle
for the trans P atoms is 155.2(4)° in the neutron study and 156.12(9)°
in the X-ray study. The previous neutron study shows that the
terminal hydride (H1) is trans to a P atom and the P3-Os-H1 angle is
somewhat linear at 172.5(6)°. The Cl-Os-X (where X is the center
between the two H atoms) is also fairly linear at 171.4(3)°. The
average P-Os-P angles for the cis P atoms are 102.3(4)° from the
neutron structure and 101.80(8)° from the X-ray study. The chloride
ligand-to-metal distance agrees well at 2.467(6) A and 2.463(2) A
from the neutron and X-ray studies, respectively.

From the previous neutron study [16], all three H atoms and the
chloride ligand lie approximately in the same plane, while the P1-
P2-P3-H1 atoms lie in an intersecting plane. However, P1-P2-CI1-X
should all be in the same plane in a perfect octahedron, but this
plane is severely distorted. The source of the distortion appears to be

the bulky phosphine ligands and their mutual repulsion (the average
cone angle for the phosphine ligands from the X-ray study was es-
timated to be ~145°). A list of selected bond distances from the X-ray
and the previous neutron study are compared in Table S2 in the
Supporting Information.

3.2. Inelastic neutron scattering

The neutron-fast-background-corrected INS spectrum for 1 is
shown in red in Fig. 2. The 1+ 2-phonon spectrum calculated for 1
(using plane-wave periodic DFT method) is shown below the ex-
perimental data as the dark gray curve (the light gray curve is the 1-
phonon spectrum). Visual inspection shows good agreement be-
tween the calculated and observed spectra. From these calculations,
the modes involving the three H atoms ligated to the Os center were
identified and isolated. In Fig. 2, the blue curve (denoted as ‘3 H only’
in the legend) corresponds to the calculated 1-phonon spectrum for
the structure in which the scattering cross section was artificially set
to zero for all atoms except the three metal-ligated H atoms. To
corroborate this approach, the 1-phonon spectrum for the selec-
tively deuterated OsClD3(PPhs); was calculated and subtracted from
the 1-phonon spectrum for 1 (Fig. 2, maroon curve). Since the
neutron scattering cross section for D is much smaller than for H
[29], such a subtraction should yield a similar spectrum to the blue
curve, i.e., one that largely removes the scattering contributions
from all compound atoms except the three Os-ligated H atoms.
Again, visual inspection shows good agreement between the differ-
ence curve and the 1-phonon spectrum calculated for the Os-ligated
H atoms only.

Animations of the calculated phonon modes reveal the precise
nature of each of the observed features in the spectra. We visualized
these animations, with the.ascii file included with the Supporting
Information, using the v_sim software package [30]. Upon in-
vestigating the animations, we find that the strong modes in the
spectrum calculated for Os-ligated H atoms at =58.99 meV and
=63.73 meV are rocking/twisting modes of the OsH3 core, the mode
at =89.51 meV is a wagging/twisting mode, and the features at
~104.10meV and =116.43 meV correspond to bending/rocking
modes. For the two higher-energy modes, the §(OsH,) bending
motion occurs as the H2 and H3 atoms move along the H-H co-
ordinate. This motion is accompanied by in-phase OsHs rocking. The
complementary mode with §(OsH,) bending for H2 and H3 with out-
of-phase OsHs3 rocking occurs at significantly lower energy,
=53.36 meV. However, this motion is accompanied by movement of
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Fig. 2. The measured (red) and calculated (other colors) INS spectra for OsCID;(PPhs)sbetween 0 and 210 meV. The respective dark gray and light gray curves represent the
calculated 1 + 2-phonon and 1-phonon spectra for 1. The blue curve shows the calculated modes for just the three H atoms ligated to the metal. The maroon curve is the difference
curve for the calculated 1-phonon spectrum for 1 minus the calculated 1-phonon spectrum for OsCID3(PPhs)s. Error bars correspond to + 1c.

the relatively heavy phosphines which lowers the energy of the
mode. We note that, although some of the phonon spectral features
associated with the three metal-ligated H atoms involve mostly H
atom displacements, a comparison with the total compound spec-
trum indicates the marked presence of other overlapping normal
modes at similar energies that involve a significant motional mixing
of these three H atoms with the other substituent atoms. The pre-
sence of such resonant mixing has obscured assignment of metal-
dihydrogen modes in previous reports [31].

The calculations for modes present at higher energies outside our
measurement window (Fig. S1 in the Supporting Information) in-
dicate an intense band at = 266.44 meV correlating to a veym(Os-Ha)
mode for H1 and H3 mixed with a v(Os-H2) mode. Then, at slightly
higher energies, the calculations indicate a shoulder to this feature
which corresponds to a vsym(0s-H,) mode for H1 and H3 mixed with
a 1(Os-H2) motion at = 276.72 meV. These calculated modes suggest
a lack of any remnant bonding character between the H2 and H3
atoms.

The observed hydrogen-specific modes in the measured spectral
window share similarities with both classical and non-classical
molecular polyhydride compounds. The observed vsym(OsH) and
5(0OsH,) modes fall within the range expected for classical terminal
hydride vsym(OsH) stretching (= 245-270meV) and bending (=
80-110 meV) modes [32,33]. Yet the lower-energy modes are distinct
from the terminal hydride species (i.e. those between 45 and
60 meV, which correspond to rocking, bending, twisting, and wag-
ging modes for the metal-ligated H atoms in 1). Instead, they are
similar to the features expected for Kubas complex-like n2-H, li-
gands, which display five modes upon complexing to a metal center
(symmetric stretching, asymmetric stretching, in-plane bending,
out-of-plane bending, and torsional modes). For n2-H, ligands, Vsym

(HH) ranges from =260-400 meV while v,s(HH) ranges between
~165meV and 200 meV [34-36]. The vsym(MH,) modes for Kubas-
like dihydrogen ligands can be as low as =84 meV with §(MH,)
modes as low in energy as 50 meV, for example, in [Ru(CsHs)
(Ph,PCH,PPh,)(n2-H,)][BF4] [37]. Specific examples in Os poly-
hydrides are somewhat rare because, while many Os polyhydridic
compounds have been isolated [38-40], only a handful have been
interrogated using vibrational spectroscopy coupled with first-
principles calculations. One example is Cp*OsHy4(L)s (L = PPhs, AsPhs,
and PCys, PCys = tricyclohexylphosphine), where the compounds
were characterized crystallographically using single-crystal neutron
diffraction measurements and via vibrational spectroscopy techni-
ques [41]. Assessment of the crystal structures shows that the H,
ligand is found to be of Kubas complex-like nature for L = PPhs and
AsPhs but of compressed dihydride character for L = PCys. IR mea-
surements reveal veym(OsH) modes at =260 meV for alul three com-
pounds, despite different dyy distances of 1.01 A, 1.08 A, and 1.31 A,
respectively [42]. INS measurements of the triphenylphosphine
compound indicate the t(HH) torsional mode occurs at =41.5 meV,
8(0OsH,) at =48.4meV, and rocking/wagging at =60.8 meV [43].
These modes are similar to the features observed in the INS spectra
reported here, despite the differences in duyy of 1.01 A for
Cp*OsHy4(PPhs); compared to the dyy of 1.48(2) A for 1. Given these
similarities, the additional modes at moderate energy transfer values
observed herein support the non-classical nature of the close H-H
contact for 1.

The INS spectra for 1 measured at lower energy transfer values
(-18 to 2 meV neutron energy loss) with DCS using both 6 A and 9A
incident neutron wavelengths indicated no extra scattering features
except the elastic scattering. In both cases, the entire spectrum can
be well fit using a delta function convoluted with the instrumental
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Fig. 3. The electron charge density map for 1 for one unit cell is shown at an iso-
surface level of 0.14 e bohr™. The enlarged insets illustrate the calculated charge
density locally around the OsH; core. The topography style map contains contours at
every 5% of saturation between 0% and 100% e bohr™> saturation on a section of the
slice of the cell along the (470) crystallographic plane. Blue, white, orange, and gray,
and green spheres represent Os, H, P, C, and Cl atoms, respectively. Note that the OsH3
core in the enlarged, rounded inset is reoriented to better display the moiety and does
not directly correspond to the location indicated in the depicted unit cell.

resolution function. In contrast, molecular systems containing an

n2-H, ligand display broad features in the INS data near the elastic
line which arise from the rotational excitations of the H, molecule

¢o
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about the M-H, axis [44]. The lack of any features between
~-18 meV and 2 meV here suggests that the H2 and H3 atoms li-
gated to the Os center in 1 do not rotate about an M-H, axis and are
best described as terminal compressed dihydrides. A representative
INS Spectrum collected on the DCS instrument is included as Fig. S2
(and Fig. S3) in the Supporting Information.

Lastly, the DFT-calculated electron charge density was plotted for
1 (Fig. 3). A section of the crystallographic (470) plane is displayed in
Fig. 3, as a contour plot, with contours at 5% e bohr> intervals. This
plot illustrates the lack of electron density between the Os-ligated H
atoms, further suggesting that these H atoms are non-classical
compressed terminal hydride ligands.

3.3. Computational QM/MM results

Optimized geometries were computed for 1 (Fig. 4, top middle).
The calculated H-H distance of 1.573 A is somewhat longer than the
measured distance of 1.48(2) A, and just at the cusp of a terminal
hydride ligand. However, the calculated and measured Os-H dis-
tances agree reasonably well. The calculated Os-H average was
measured as 1.59(1) A while the measured average Os-H distance
from neutron diffraction is 1.608(15) A. The computed geometries
involving H atoms are also comparable to measured values. The H2-
0Os-H3 angle was measured as 55.1(8)° compared to the computed
angle of 58.97°. Table S2 in the Supporting Information compares
selected bond distances from optimized geometries to the neutron-
and X-ray-derived structures.

To further investigate the effects of the trans ligand on the M-H
and H-H interactions, optimized geometries were calculated for
OSFHg(PPh3)3, OSBng(PPh3)3, and OSIH3(PPh3)3 (Flg 4) The H-H
distance in the non-classical dihydrogen ligand seems to vary de-
pending on the halide trans to the dihydrogen ligand. For
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E- SIS P . J
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Fig. 4. DFT optimized structures of OsFH3(PPh3); (top left), OsCIH3(PPhs)s (top middle), OsBrH3(PPhs)s (top right), OsIH3(PPhs); (bottom left), and OsHy(PPhs)s (bottom right).

H atoms attached to phenyl groups omitted for clarity.

w
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OSFH3(PPh3)3, OSC]H3(PP°h3)3, OSGBI'H3(PP!'13)3, and OS!H3(PPh3)3 the
H-H distances are 1.510 A, 1.573 A, 1.602 A, and 1.636 A, respectively.
This demonstrates a trend that, as electronegativity of the trans li-
gand increases, H-H distances decrease, through the threshold de-
finition dyy length for a classical to a non-classical dihydride (1.6 A).

We also see the Os-L (where L is a halide) distance increase as
the halogen radius increases. Interestingly, the X-Os-L angle (where
X is the midway point between H2 and H3) stays reasonably linear
for all three structures. Table S3 in the Supporting Information
compares selected bond distances and angles for optimized struc-
tures of OsFH3(PPhs)s, OsCIH3(PPhs)s, OsBrH3(PPhs)s, and
OsIH3(PPhs)s. As a final comparison, we calculated the optimized
geometry of the tetrahydride OsH4(PPhs)s, which shows a classical
polyhydride structure (Fig. 4, bottom right). This structure contains
no halide trans to the centroid of the H atoms and the H-H distance
increases to 1.819 A, further confirming the role of the trans ligand in
stabilizing a non-classical compressed dihydride species. Table S3 in
the Supporting Information includes selected OsH4(PPhs); bond
distances and angles.

It should be noted that the neutron structure of the analogous
tetrahydride OsH4(PPhMe,); was previously reported [18]. Because
OsHy4(PPhs3); is similar to OsHy(PPhMe;)s, we were interested in
comparing the core of the optimized structure for OsH4(PPhs)s; to the
core of the neutron structure of OsH4(PPhMe,);, as the main dif-
ference between these two structures is the phosphine ligand. A
comparison of distances and angles from both structures shows
reasonable agreement. Considering just Os-H1, Os-H2, and Os-H3
and the corresponding hydrides of the neutron structure, the
average computed Os-H distance is 1.643(36) A compared to the
measured average Os-H distance from neutron diffraction of
1.658(20) A. The average H-Os-H angle for both structures is also
quite similar, at 90.55(39)° for the optimized structure versus
91.92(39) for the neutron structure. And, although OsHy(PPhMe; )3
contains smaller phosphine ligands, the average P-Os-P angles for
OsHy4(PPhs); were computed as 119.73(30)° compared to the mea-
sured average of 120.00(39)° for the neutron structure of
OsH4(PPhMe,)s. The agreement between the calculated structure for
OsH,4(PPhs); with the neutron-derived structure for OsH4(PPh,Me)s
validates the choice of functionals used in the geometry optimiza-
tion calculations.

4. Conclusion

We have revisited the OsCIH3(PPhs); complex, 1, previously de-
scribed in the literature as a stretched dihydrogen complex. Herein
we probe the M-H and H-H bonding interactions using INS mea-
surements coupled with first-principles calculations, and by com-
paring the measured crystal structure to calculated optimized
geometry structures. Based on the analysis of the INS spectra re-
ported here, we conclude that there is no remnant bonding character
between the close H atoms in 1 and we reassign the ligands as non-
classical compressed dihydride ligands (H2 and H3) adjacent to a
classical terminal hydride (H1). Interestingly, calculated optimized
geometries suggest that dyy decreases with increasing electro-
negativity of the trans halide. The ability to tune the nature of the M
(Hp) interaction via modulation of the supporting ligands in the
present OsXH3(PRs); and related complexes can be beneficial for
rationally increasing the volumetric hydrogen storage capacity in
metal hydride materials and in porous adsorbate materials deco-
rated with coordinatively unsaturated metal centers. Moreover, the
integration of synthetic, spectroscopic and computational tools to
study such M(H,) entities provides a protocol for assessing how such
structural changes can impact properties relevant to these important
applications.
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