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ABSTRACT: We report the heterolysis of molecular hydrogen
under ambient conditions by the crystalline frustrated Lewis pair
(FLP) 1-{2-[bis(pentafluorophenyl)boryl]phenyl}-2,2,6,6-tetrame-
thylpiperidine (KCAT). The gas−solid reaction provides an
approach to prepare the solvent-free, polycrystalline ion pair
KCATH2 through a single crystal to single crystal transformation.
The crystal lattice of KCATH2 increases in size relative to the
parent KCAT by approximately 2%. Microscopy was used to
follow the transformation of the highly colored red/orange KCAT
to the colorless KCATH2 over a period of 2 h at 300 K under a
flow of H2 gas. There is no evidence of crystal decrepitation during
hydrogen uptake. Inelastic neutron scattering employed over a
temperature range from 4−200 K did not provide evidence for the formation of polarized H2 in a precursor complex within the
crystal at low temperatures and high pressures. However, at 300 K, the INS spectrum of KCAT transformed to the INS spectrum of
KCATH2. Calculations suggest that the driving force is more favorable in the solid state compared to the solution or gas phase, but
the addition of H2 into the KCAT crystal is unfavorable. Ab Initio methods were used to calculate the INS spectra of KCAT,
KCATH2, and a possible precursor complex of H2 in the pocket between the B and N of crystalline KCAT. Ex-situ NMR showed
that the transformation from KCAT to KCATH2 is quantitative and our results suggest that the hydrogen heterolysis process occurs
via H2 diffusion into the FLP crystal with a rate-limiting movement of H2 from inactive positions to reactive sites.

■ INTRODUCTION

Catalytic activation of molecular hydrogen is critical for the
efficient upgrading of energy carriers ranging from conven-
tional hydrocarbons to renewables such as biomass. While
platinum group metals1 are recognized as efficient catalysts for
H2 activation, there has been significant progress in the
development of nonprecious metal catalysts for hydrogen
activation.2−5 In parallel, there has been an interest in the
ability of nonmetal catalysts to activate H2 in catalytic reactions.
Frustrated Lewis pairs (FLPs),6 composed of Lewis acidic
borane and Lewis basic amine or phosphine, activate hydrogen
efficiently and have been demonstrated to reduce a wide range
of substrates in the solution phase. FLPs are of interest as they
provide an approach to heterolytically activate H2 catalytically
at moderate and often ambient temperatures and pressures,
without recourse to expensive transition metals and complex
nanoscale composites.
FLP catalysts, almost exclusively, activate H2 as solvated

molecular systems and thus have been investigated predom-
inately in homogeneous catalytic processes. The work of
O’Hare et al.7 in 2016, demonstrating H2 activation by silica
supported BCF as a Lewis base, initiated the activity in H2

activation by solid state FLPs that has followed since. Qu et al.8

reviewed FLP systems which have separate acidic and basic
molecules with at least one of these in the solid state during
activation. Computational studies have suggested solid state H2
activation by Lewis acid−base pairs incorporated into MOF
structures;9−11 however, experimental observations have been
limited. In one recent example, the use of solid physical
mixtures of FLPs has been shown to be an effective strategy for
achieving frustration for molecular pairs that have insufficient
steric hindrance to prevent adduct formation in solution.12

These solid mixtures have been reported to react with
hydrogen to form the corresponding ion pairs in what was
considered to be a partially molten environment at the
interface with sufficient molecular flexibility to activate H2 that
had diffused there. Ozin et al. have demonstrated hydrogen
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activation at the surface of rhombohedral In2O3‑x(OH)y, and
used this to catalyze various hydrogenation reactions.13,14

Their work showed how surface analogs of FLPs are generated
where terminally bonded surface hydroxide groups act as Lewis
bases and the coordinately unsaturated surface indium site acts
as a Lewis acid. A research interest of ours is to understand
how H2 is activated in the “pocket” of an FLP. We have
measured the activation barrier in the solution phase and
found the enthalpic barrier to be quite low and apparently
controlled by diffusion of H2 through solution into the
activated pocket.15,16 Our hypothesis was that in the solid
phase, the heterolysis of H2 would be slower assuming a higher
barrier for rearrangement of bonding in the solid state to
optimize the transition state structure for heterolysis of H2.
The goal of the work was to observe polarization of the H2

molecule in a precursor complex, the “pocket” of an FLP, at
low temperature by inelastic neutron scattering (INS)
spectroscopy, then warm the crystalline material to room
temperature, and follow the heterolysis reaction. The
heterolysis of H2 by the acid−base pair is subtly different
than the ligand exchange reactions on organometallic
compounds reported by Brookhart and Weller. Brookhart
and coauthors17 demonstrated that the nonporous iridium
molecular complex, {C6H3-2,6-[OP-(C6H2(CF3)3-2,4,6)2]2}Ir-
(N2), underwent a single crystal to single crystal (SC-SC)
transformation to form a dihydrogen complex on exposure to
H2 and provided a scaffold for the catalytic transformation of
CH2=CH2 to ethane. This followed work by Bianchini et al.18

who used an Ir tripodal polyphosphine complex in the solid
state to catalytically hydrogenate ethene. Similarly, Weller et
al.19 showed that solid rhodium bis-phosphine complexes
would undergo solid−gas ligand exchange reactions to become
active catalysts. These workers showed how SC-SC chemistry
can be used to synthesize σ-alkane complexes,20 which are
typically difficult to prepare otherwise because the weak M···
H−C interactions are easily replaced by solvent coordination.
They were also able to demonstrate how C−H bonds are
activated according to their metal interactions, leading to
selective deuteration21 of exo- hydrogens in coordinated
norbornane by exposing crystals to D2 gas at room temper-
ature.
Here, we report heterolytic hydrogen scission by crystalline

1-{2-[bis(pentafluorophenyl)boryl]phenyl}-2,2,6,6-tetrame-
thylpiperidine (KCAT) at ambient temperatures and pressures
to quantitatively yield the corresponding zwitterionic pair. The
single crystal to single crystal (SC-SC) transformation provides
the first demonstration of a nonmetal example of H2
heterolysis by a unimolecular FLP in the solid state. Single
crystal and powder X-ray diffraction were used to determine
the structure and lattice expansion on hydrogen uptake to form
the ion pair (KCATH2). We use a combination of temper-
ature-programmed desorption (TPD) and inelastic neutron
scattering (INS) to demonstrate that there is little molecular
hydrogen solubility within the solid FLP prior to heterolytic
dissociation and no evidence for a precursor, polarized-H2,
intermediate phase. Optical and NMR measurements were
used to confirm the quantitative conversion of KCAT to
KCATH2 at ambient temperatures. First principle calculations
were used to determine the free energy changes for
incorporation of H2 into the crystal lattice, for the reaction
to the zwitterion, and to model INS spectra for comparison
with experiment.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

We employed an extensive range of spectroscopic and diffraction
experiments described in the introduction as well as DFT and
molecular dynamics calculations. These followed common laboratory
practice, and details of the methods used are given in the Supporting
Information. All sample manipulations were carried out using glove
boxes or other protective atmosphere techniques to avoid reaction
with water or other atmospheric gases.

■ RESULTS
NMR Spectroscopy. The quantitative transformation of

the solid-state KCAT to KCATH2 was undertaken by filling
the headspace above ca. 20 mg of KCAT in an NMR tube with
H2 gas at ambient pressure. The KCAT sample was a coarse
crystalline powder comprising particles approximately 50−200
μm in size. Over the course of 2 h, the orange/red crystals of
KCAT in the NMR tube were observed to lose their color,
indicating a transformation to the colorless compound
KCATH2 (Figure 1a). The reaction was confirmed by 11B

NMR spectroscopy after dissolving the product in bromo-
benzene (Figure 1b) which shows the 1H-coupled doublet
resonance at −22.5 ppm characteristic of the ion pair. The
broad resonance at +62 ppm displayed by KCAT (published in
earlier work,22 SI) was no longer detected.

Single Crystal and Powder X-ray Diffraction. Powder
X-ray diffraction (Figure S1) of KCAT and KCATH2
indicated that both the reactant and product were crystalline.
The reactant pattern matched that calculated from the crystal
structure of KCAT,22 but the previously published structure
for KCATH2 has entrained solvent and is therefore not

Figure 1. (a) KCAT and KCATH2 structures; (b) 11B NMR (in
bromobenzene) of KCAT after reaction with H2 gas.
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suitable for comparison. However, our solid−gas reaction
resulted in crystals of KCATH2 free of solvent which were
suitable for structure solution by single crystal diffraction. This
suggests the reaction is a single crystal−single crystal
transformation. The structure we obtained (Figure 2) has a

molecular geometry similar to the solvent-containing crystal.
Selected bond distances and angles are tabulated (Table S2) to
show how the environments around N and B change upon
reaction. There is a small (ca. 3.5%) increase in N − C bond
distances, but the angles around N do not change significantly
because of the more rigid piperidine residue and the presence
of the lone pair in KCAT. The increase in B − C bond
distances upon heterolysis were slightly larger (ca. 4−6%) and
the geometry around B changed from approximately planar
triangular to tetrahedral as expected. This changes the
orientations of the pentafluorophenyl rings and consequently
some of the intermolecular packing interactions. It is
remarkable that the compound remains as a single crystal
during this transformation. Further discussion of the structural
differences between KCATH2 with and without solvent is
given in the SI.
The lattice parameters show that KCATH2 has a unit cell

volume 2.1% larger than KCAT. Single crystal measurements
of KCAT were also undertaken at temperatures between 100
and 300 K to detect any phase transition. The structures
obtained were the same as the published structure22 without
any phase transition or unusual thermal expansion (Figure S3).
Optical Microscopy. Optical microscopy was used to

dynamically observe the hydrogen uptake in KCAT. Large
crystals of KCAT were grown by slow evaporation from
heptane and placed under N2 in a custom gastight cell with a

microscope slide affixed to one face. After locating a suitable
mass of crystals, H2 gas was flowed through the cell at 1 bar
pressure, and images were taken every 30 s, with typical images
presented in Figure 3. These images demonstrated that the
external features of the crystal are unaffected by the
transformation to the ion pair, with no evidence for
decrepitation of hydrogenated material from the host crystal.
The most significant change observed was the color change,
which occurred slowly throughout most of the crystal.
Although the color change was not perfectly homogeneous,
we did not observe a sharp reaction front progressing from the
outside surface as seen by Weller.19 Some portions of the
crystal reacted faster than others, but the boundaries between
these regions were diffuse and therefore there did not appear
to be a clear preference for surface or interior sites.
The volume expansion predicted by the crystal structures

was accommodated without any obvious changes to the size
and shape of the crystals. The crystal under observation moved
once between successive frames (between Figure 3a,b), and
the field of view was adjusted. However, the retention of the
overall integrity of the crystal is surprising given the structural
changes which result from the formation of the ion pair.

Inelastic Neutron Scattering. Investigation of the
reaction was undertaken using INS to provide insight into
the chemical environment of H2 prior to formation of the ion
pair. We were especially interested to see whether any weakly
bound H2 between the boron and nitrogen centers could be
observed, as suggested by theoretical studies of related
systems.23−25 Although multiple INS experiments were
performed at a variety of temperatures and pressures (see
Supporting Information) no unambiguous evidence for
dihydrogen, polarized or otherwise, was obtained. For example,
the INS spectra measured at 10 K for KCAT before and after
exposure to ca. 1 equiv H2 at up to 200 K were
indistinguishable (Figure 4). However, exposure at 300 K
resulted in transformation to the ion pair and a concomitant
change in the INS spectrum.

Computational Modeling. DFT calculations were done
for the periodic system, with a cell containing 4 FLP molecules,
replicated in XYZ directions for a bulk model. The models
were built from the experimentally determined crystal
structures reported here. All calculations were done with the
CP2K program,26 using PBE functional27 with Grimme’s D2
dispersion correction.28,29 DZVP basis set and Goedeker-
Hutter pseudopotentials30 consistent with the PBE functional
were employed. Details of the methods and the approach are
provided in the SI (page 10). The energy difference between
the FLP and ion pair revealed a strong driving force for the
heterolysis with ΔE = −135 kJ mol−1H2 and a free energy
change at 300 K of ΔA = −125 kJ mol−1 H2. However, the
presence of molecular H2 within the KCAT lattice was

Figure 2. Structure of solvent-free KCATH2 obtained from single
crystal XRD. C, gray; F, green; N, blue; B, pink; H, white.

Figure 3. Optical micrographs of KCAT crystals exposed to H2 gas for (a) 0 min, (b) 55 min, (c) 85 min, (d) 112 min, (e) 150 min.
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energetically disfavored. Calculations after addition of four
different H2 molecules near each of the four B···N sites in a
symmetry-free KCAT unit gave a free energy change after
relaxation of ΔA = 50 kJ mol−1 H2 and an electronic energy
change of ΔE = 33 kJ mol−1H2. The electronic energy for
individual H2 molecules (Table 1) spanned a range of ΔE =
+26 to +39 kJ mol−1. The most stable structure was found to
have H2 in a position far from the active B···N site and
interacting with the π system of the pentafluorophenyl rings
(Figure S9, panel 1). A second H2 molecule (site 2, Table 1),
although 6 kJ mol−1 higher in energy, showed evidence of
interaction with nearby B and N atoms. Both the B···N and
H−H distances for this H2 were elongated compared to their
normal values toward distances calculated for the transition
state in solution heterolysis.31

INS spectra were calculated both from the harmonic modes
of the quantum mechanical optimized structure with and
without H2 as well as Ab Initio Molecular Dynamics (AIMD)
simulations that allow for anharmonic treatment of the
frequencies. Both approaches indicated that the presence of
H2 within the lattice would lead to significant changes in the
INS spectra (Figures S8 and S13). Our experimental results
(Figure 4), which did not detect changes, therefore lead us to
believe that the concentration of H2 in the lattice is much
lower than the stoichiometric quantity used in the calculations.
The MD simulations also indicated that H2 has significant
mobility within the KCAT lattice. Each of the four sites
traversed a large volume within the lattice during the 12 ps
simulation, up to 5 Å from the original starting location
(Figures S11 and S12). These diffuse volumes are consistent
with shallow minima that H2 can access near 300 K.
Temperature-Programmed Desorption. The presence

of molecular H2 in the crystal was also sought using
temperature-programmed desorption (TPD). One mg of
KCAT was exposed to 1 atm of H2 gas for 30 min at 298 K
and cooled rapidly to 77 K under the H2 atmosphere. Our
previous microscopy and INS experiments indicated that H2
enters the crystal at 298 K but not at 77 K. The sample was
pumped to ca. 1 × 10−8 Torr at 77 K before heating at 5 K/
min to 330 K and monitoring any gas liberated with a
quadrupole mass spectrometer. Despite the sensitivity of this
experiment to small (≥0.01 wt %) quantities of gas, no H2 was

detected during the temperature increase (Figure S7) and the
crystals retained their bright color at the end of the experiment.

■ DISCUSSION
Activation or heterolysis of molecular H2 to a proton and a
hydride, H+/H−, by solid phase KCAT at ambient temperature
and pressure is readily detected by the visual bleaching of the
brightly colored FLP. The heterolysis was confirmed by several
analytical methods and takes place as a single crystal to single
crystal transformation. This is apparent from visual observa-
tion; for example, Figure 3 shows a small number of crystals
whose external appearance is unchanged as the heterolysis
takes place within their interior. Further, a single crystal of
KCATH2 suitable for structure determination was readily
obtained from KCAT crystals exposed to H2 gas. The color
change suggests that formation of KCATH2 takes place in the
solid state rather than during dissolution in the NMR solvent
as an example. This was confirmed by the INS experiments,
where the ion pair was observed after reaction only of the solid
KCAT and gaseous hydrogen (Figure 4). The heterolysis is
more exergonic in the solid state (ΔAcalc = −125 kJ mol−1 H2)
than in solution (ΔGcalc = −50 kJ mol−1 H2).

31 The reason for
this was not examined but is likely due to electrostatic
stabilization between the zwitterionic charges in the closely
packed crystalline KCATH2. Benchmarking computational
studies by Grimme et al.32 have also reported additional
stabilization in solid-state FLPs for H2 hydrolysis; however,
their observation was that the stabilization in intramolecular
FLPs is up to ∼20 kJ mol−1. We calculate a significantly larger
difference of ∼75 kJ mol−1: closer to the value Grimme
reported for intermolecular FLPs. We attribute this additional
stabilization to the different packing of KCAT and KCATH2
in contrast to the earlier study32 where only the structure of
the FLP is used. This difference suggests that in solid state
FLPs, in addition to the crystal field effects, packing can have
significant impact on the thermochemistry of the reaction. We
considered two potential mechanisms for the phase transition
of KCAT to KCATH2: (i) a dif fusion mechanism where
gaseous H2 diffuses into crystalline KCAT followed by the
activated heterolysis of H2 and (ii) a decrepitation mechanism
where the outside of the solid phase particle reacts with
gaseous H2 and peels away layer by layer until complete
conversion of the FLP to the corresponding ion pair has
occurred. Optical microscopy of the FLP crystallites eliminated
the possibility of a decrepitation mechanism, and this
observation was supported by the small lattice expansion of
2.1 vol % on hydrogen uptake observed by diffraction. This
may be compared to classical decrepitation systems, such as
metal hydrides and Nd−Fe−B, which show expansions in the
range of 10−15 vol %.33,34 The lattice expansion is, however,
consistent with those reported for organometallic SC-SC

Figure 4. INS spectra at 10 K before (black) and after exposure to H2
gas at 200 (blue) and 300 K (green). The difference after exposure to
H2 at 200 K is shown at top.

Table 1. Calculated Electronic Energy Changes and
Distances to Nearest B and N Atoms for Addition of
Molecular H2 in Different Sites within Crystalline KCAT

H2
site

ΔE
(kJ mol−1)

B···H
distance
(Å)

N···H
distance (Å)

B···N
distance
(Å)

H−H
distance
(Å)

1 26 5.10 4.72 3.07 0.75
2 32 2.39 2.15 3.14 0.76
3 39 2.52 2.35 3.05 0.75
4 36 6.67 5.25 3.05 0.75
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transformations.35 As a consequence of these observations, we
assign a diffusion mechanism for the phase transformation in
crystalline KCAT. The rate of diffusion is faster than, or at least
comparable to, the rate of H2 heterolysis. If the rate of
heterolysis was significantly faster than diffusion, we would
expect to see a more clearly defined skin of white KCATH2 on
the exterior of the crystals, much like the CO complex
observed by Pike et al.19 on the surface of their Rh butadiene
complex. However, our optical observations revealed a more
widespread and diffuse color change without a sharply defined
boundary.
Little has been reported on the absolute rates of H2

activation by FLPs in solution, and there are no reports on
the kinetics of solid phase FLPs reacting with gaseous H2. We
assume the reaction involves an activated process that requires
near ambient temperature. This conclusion is based on
observations where at temperatures <200 K, the ion pair was
not formed even under a high pressure of H2 gas in our in situ
INS measurements.
We hypothesized that a diffusion mechanism offers an

opportunity to observe the precursor complex of KCAT with
molecular hydrogen, {H2KCAT(s)}, where the H2 is
energetically stabilized within the cavity of the FLP to form
a polarized H2 molecule

+ { }F FH (g) KCAT(s) H KCAT(s) KCATH2(s)2 2

We sought spectroscopic evidence for such a precursor
complex with INS spectroscopy, encouraged by calculations
(Figures S8, S13) which indicated that discernible differences
in the spectra would arise from the presence of H2 within the
lattice. We considered that KCAT possessed several features
that might be advantageous for the formation of such a
complex: (i) a linked FLP with the Lewis acid and base on the
same framework, (ii) a geometry with the Lewis acidic B and
Lewis basic N fixed about 3 Å apart, (iii) a strong Lewis acid
and base pair that would provide a large electric field to
polarize H2,

29,36 and (iv) a favorable equilibrium toward the
zwitterion suggesting a relatively low activation energy for a
precursor complex. However, despite these favorable factors,
no evidence for an intermediate phase was found by INS.
The INS results were supported by calculations of the

energetic penalty for molecular H2 to reside in the KCAT
crystal. The relative stabilities of H2 occupying different
positions in the crystal showed that the most stable site was
not productive for H2 activation, since H2 was more than 6 Å
away from the nearest B···N site. This is consistent with the H2
accessing the active site at higher temperatures but not at low
temperatures. This observation is reminiscent of work by
Weller et al.,37 on Rh based MOFs where Xe gas was found to
diffuse away from the active site and reside in hydrophobic
pockets, similar to enzymatic gas channels. Further, although
the formation of the ion pair clearly showed that H2 had
entered the solid at room temperature, our TPD measure-
ments did not detect H2 diffusing out of the lattice after
freezing the sample to 77 K and evacuating the surrounding
gas. INS demonstrated heterolysis does not occur at this low
temperature, and so we anticipated that H2 would be trapped
inside the crystal. Upon heating, the low pressure of H2 outside
the crystal would reverse diffusion as the temperature was
raised.
All these results indicated that the concentration of H2

within the KCAT crystal was small. The Kitaigorodsky packing
index, calculated with PLATON, provides a measure of the

free space within a crystal based on van der Waals radii. At 300
K, KCAT has a packing index of 67%, which is within the
range of 65−77% found in most crystals.38 Although this is
near the lower bound, it indicates there is no reason to expect
an unusually high concentration of H2 in KCAT compared to
other compounds.
The reaction path for heterolysis by molecular KCAT in

solution has been calculated by Repo et al.31 This work did not
identify a precursor complex but a transition state with an
activation barrier of 74 kJ mol−1 where the B···N distance is
elongated to 3.23 Å and the H−H distance to 0.76 Å. Our
calculations (site 2, Table 1) also showed a state with an
elongated H−H bond and with a more modest elongation of
the B···N distance to 3.14 Å, likely restricted by the packing of
the crystal. Although not formally identified as a transition
state, it is interesting to note that the geometry of the H2 and
nearby KCAT molecules in our calculations are nearly identical
to those in solution and that the energy for H2 addition in the
solid state is smaller than the activation barrier in solution, at
50 kJ mol−1 compared to the reactants.
The observation of multiple calculated minima where the H2

can reside in the FLP lattice indicates that H2 may get trapped
in unfavorable positions at low temperatures, inhibiting access
to the reactive pocket. Equally, such conclusions suggest that
although H2 diffuses relatively rapidly into the lattice, the rate
limiting step for heterolysis of molecular H2 within KCAT is
local movement to the reactive site rather than the molecular
rearrangement of the FLP in the solid state. In this light, an
interesting follow up could focus on studying the kinetics of
the reaction using solid-state (e.g., Avrami) models, including
the use of D2 to distinguish diffusion from activated rate-
limiting processes.

■ CONCLUSIONS
We have demonstrated the first heterolysis of hydrogen in an
intramolecular, metal-free FLP system in the solid state.
Hydrogen diffuses into the crystal lattice of KCAT at 298 K
but remains at concentrations too low for detection by inelastic
neutron scattering or temperature-programmed desorption.
Heterolysis occurs at 298 K to form the zwitterion in a single
crystal−single crystal transformation with a strong exergonic
free energy change. Observation of the color change associated
with this reaction shows that diffusion within the KCAT crystal
occurs more rapidly than heterolysis at a local site. This is
likely to be a consequence of H2 moving between and
occupying sites not closely associated with the frustrated B···N
to a greater extent than the sites proximate to B···N.
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