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ABSTRACT: The unified reaction valley approach combined with
the local vibrational mode and ring puckering analysis is applied to
ﬁ‘_’

investigate the hydrogen evolution from water in the presence of
small hydrides such as BHj, metal hydrides as AlHj;, and their
derivatives. We studied a series of reactions involving BH;, AlHj;,
B,H,, ALLH,, and AlH;BH, with one- and two-water molecules,
considering multiple reaction paths. In addition, the influence of
the aqueous medium was examined. A general reaction mechanism
was identified for most of the reactions. Those that deviate could be
associated with unusually high reaction barriers with no hydrogen
release. The charge transfer along the reaction path suggests that a
viable hydrogen release is achieved when the catalyst adopts the
role of a charge donor during the chemical processes. The puckering analysis showed that twistboat and boat forms are the
predominant configurations in the case of an intermediate six-membered ring formation, which influences the activation barrier. The
local mode analysis was used as a tool to detect the H—H bond formation as well as to probe catalyst regenerability. Based on the
correlation between the activation energy and the change in the charge separation for cleaving O—H and B(Al)—H bonds, two
promising subsets of reactions could be identified along with prescriptions for lowering the reaction barrier individually with
electron-donating/withdrawing substituents.

H INTRODUCTION boranes and alanes have been identified as promising candidates
for facilitating hydrogen release from water, as documented in

Economic, energy-efficient, and environmentally benign hydro- : S8—30 St )
several experimental and theoretical” studies. For

gen production is highly targeted in the transition from

conventional fossil fuels to clean and renewable hydrogen example, Nguyen and co-workers™” investigated the catalytic
power.'~* However, the intended benefits of future hydrogen effects of monomers and dimers of boranes and alanes, BH;,
economy are vastly limited by the fact that we are still relying on AlHj, B,Hg, AL Hg, and B—Al mixed compound, AIH;BH;, with
fossil fuels as the primary source of hydrogen production. When water. They used high-accuracy potential energy surface (PES)
switching to cleaner hydrogen production methods, water calculations to determine energetic parameters. In addition, they
splitting is a promising approach, which can be done by various analyzed the stationary points on the PES with atom-in-
methods like electrolysis, thermolysis, thermochemical reac- molecule (AIM)**** and electron localization function (ELF)*”
tions, and photocatalysis. There are significant efforts underway approaches.
for developing techniques associated with water splitting While the results of this study help to evaluate the overall
methods to achieve energy-efficient hydrogen groduction, as performance of these catalysts, more in-depth insights need a
highlighted in several reviews” and publications.””"” detailed mechanistic analysis, which is not only limited to
Water splitting in the presence of catalysts has presented itself energetics or stationary points on the PES but also examines the

as a viable option t& accelerate.t hydrogen release frqm water at a entire reaction pathway in terms of different reaction
lower energy cost. ™ The choice of catalysts for this purpose is parameters. An analysis of this scope is possible through the

largely governed by the ability to form dihydrogen interlz;ctzigns unified reaction valley approach (URVA) of Kraka and
with water. It has been shown that dihydrogen bonding ™~~~ of

the type X—H*"-->"H-Y plays an important role in hydrogen
evolution from hydrogen storage systems such as borane amines
and alane amines by reducing the reaction barrier.”*"*° Some
other aspects to be considered for a viable hydrogen carrier,
specifically rendering them as attractive systems for on-board
hydrogen supply, are low molecular weight and high hydrogen
2 . . . >
content.”” Accordingly, main-group-element hydrides like
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Figure 1. Reactions oR1—0R9 with one-water molecule investigated in this work. Reactions shown within blue boxes represent those that do not

release hydrogen during the reaction.

3638 which will be described in more detail in the

Cremer,
Computational Methods section. Mainly, our study focused on
addressing the missing gaps in knowledge regarding hydrogen
release by those catalysts answering questions such as: What are
the major mechanistic features along the way leading to
dihydrogen bond formation? What is/are driving force(s)
behind these reactions?

The major objectives of this study were the following: (i) to
elucidate the mechanism of hydrogen release from water, (ii) to
investigate solvent effects by describing the aqueous solution
using polarizable continuum model® (reaction oR1pcyy), (iii)
to investigate the role of the catalyst and identify mechanistic
differences between B and Al, and (iv) to derive guidelines for
improving borane and alane catalysts. For this purpose, reactions
oR1—0R9 with one-water molecule (see Figure 1) and tR1—
tR12 with two-water molecules (see Figure 2) were investigated.
The connection between reaction models with one- and two-
water molecules is shown in Table 1.

A key distinction has to be made between all reactions, based
on whether hydrogen release is accomplished during the
reaction prior to understanding their reaction mechanism in
depth. Reactions oR3 and oR7 and the two-water analogues of
the latter, tR8 and tR9, fall into the category (marked within the
respective reaction schemes) where hydrogen release is not
possible during the reaction, which deem these catalysts as
unsuitable options to be used in H, production.
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B COMPUTATIONAL METHODS

The major tools applied in this work are the unified reaction
valley approach (URVA)**"** and the local vibrational mode
analysis of Konkoli and Cremer,**™*° which will be summarized
in the following text. URVA is based on analyzing the curving of
the reaction path traced by the reaction complex (RC, e.g., the
union of reacting molecules) on the potential energy surface
(PES) from the entrance to exit channel via the TS. As the
reaction proceeds, the RC undergoes electronic structure
changes that are directly reflected by the scalar reaction path
curvature calculated at each path point s.”® The maxima and
minima of the curvature profile can be used to retrieve significant
chemical information. The curvature maxima correspond to
locations where chemical events take place such as bond
formation and cleavage, charge transfer, charge polarization, and
rehybridization. Contrarily, the curvature minima represent
locations of minimal electronic structure change, which can be
associated with hidden intermediates.””*® A reaction phase®”**
is defined as the path region between two minima enclosing a
curvature peak. In this way, each chemical reaction is uniquely
attributed with a signature pattern of curvature maxima and
minima with a different number of reaction phases, ie., a
fingerprint of the reaction. Decomposition of the reaction path
curvature into internal coordinate components reveals which
parameter(s) dominate(s) a chemical event. A positive
component supports, while a negative component resists the
chemical change. For a detailed mathematical derivation and
recent advances of URVA, the interested readers are referred to
ref 38.

https://dx.doi.org/10.1021/acs.jpca.0c07244
J. Phys. Chem. A 2020, 124, 8978—8993
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Figure 2. Reactions tR1—tR12 with two-water molecules investigated in this work. Reactions shown within blue boxes represent those that do not
release hydrogen during the reaction.

Table 1. Relation between Reactions Involving One-Water covalent®*™®° interactions. For a detailed mathematical
Molecule and Their Analogous Reactions with Two-Water derivation of the local vibrational mode theory, the interested
Molecules Investigated in This Work readers are referred to a recent review article,** and recent
B B advances involving the local vibrational mode theory can be
catalyst one-water two-waters found in refs 63 and 6.
BH, ORI tR1 For simplification, the local mode force constants k are
tR2 converted into relative bond strenggth orders (BSOs n) by
AlH, oR2 R3 employing an extended Badger rule*”*” according to which the
R4 BSO n is related to the local mode force constants k* via the
B,Hg oR3 RS, step 1 following power relationship®’
oR4 tRS, step 2
ALH, oRS, step 1 tR6, step 1 BSO n = a(k*)" (1)
oRS, step 2 tR6, step 2
oR6 R7 The constants a and b are fully determined by the k* values of
AlH,BH, oR7 (RS two reference molecules with well-defined bond orders along
tR9 with the requirement that for a zero-force constant, the BSO n
oRS8 (R10 value becomes zero. In this work, B—H and Al-H bond
R11 cleavages as well as H-—H dihydrogen bond formation were
oR9 tR12 investigated. For BSO n(BH), we used as reference the BH bond
“Reactions involving one-water molecule start with prefix o; in BH, .and B,H;", having k* value.s 0f4.128 and 1.901 mdy;;/ A
bReactions involving two-water molecules start with prefix t. respectively, and the corresponding Mayer bond orders™ of

0.991 and 0.485. For BSO n(AlH), we used the AIH bonds in
AlH, and Al H,", having k* values of 2.318 and 1.143 mdyn/A,

The other tool utilized in this work is the local vibrational respectively, and the corresponding Mayer bond orders of 0.931
mode analysis, which is based on vibrational spectroscopy. In and 0.423. For BSO n(HH), we used the HH bond in H, and
particular, local vibrational force constants k* are a quantitative H,*, having k* values of 6.308 and 1.740 mdyn/A, respectively,
measurement of the intrinsic bond strength. Local stretching and the corresponding Mayer bond orders of 1.000 and 0.500.
force constants have been extensively applied to assess the For BSO n(BO), we used the BO bond in BO,™ and BO;*",
intrinsic strength of both covalent bonding™~® and non- having k* values of 9.793 and 5.485 mdyn/A, respectively, and

8980 https://dx.doi.org/10.1021/acs.jpca.0c07244
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Table 2. Energetics (kcal/mol) for oR1—0R9 and tR1—tR12“ in Gas Phase and oRl1,c, in Solution

MP2 DLPNO-CCSD(T)/aug-cc-pVQZ//
6-31+G(d,p) MP2/6-31+G(d,p)
Reaction AE* AER AE? AER AH? AHyp AG* AGyg
One-Water
oR1 24.9 —-17.9 24.6 —16.2 21.7 —20.1 22.6 —24.9
oR2 17.2 —-11.2 16.5 —10.0 14.3 —-12.4 14.9 —-17.2
oR3 25.7 12.5 24.1 10.2 23.3 10.6 28.2 159
oR4 9.5 -5.9 9.8 —4.1 6.7 —6.7 7.5 —-11.2
oRS, step 1 5.9 0.4 S.1 0.5 4.3 -0.2 S.1 -0.3
oRS, step 2 3.6 —29.8 4.6 —-27.3 22 —29.6 33 —-32.8
oR6 8.8 —-27.6 8.3 —29.8 5.6 —-31.8 8.2 —-29.8
oR7 47.5 24.1 47.4 23.0 44.1 22.1 41.7 23.5
oR8 S.1 —-30.2 6.2 —-27.1 3.6 —-29.8 3.7 -33.5
oR9 16.9 18.5 16.4 15.0 13.3 12.9 15.2 13.4
Two-Waters
tR1 322 —10.1 32.6 —-8.1 29.3 —-12.3 27.7 —18.6
tR2 29.3 —13.1 29.6 —10.8 26.4 —14.9 25.8 -214
tR3 26.6 -3.6 26.8 -1.5 23.7 —4.7 21.8 —11.1
tR4 233 -3.1 23.2 -1.0 20.2 —4.1 18.8 —-11.7
tRS, step 1 21.6 5.4 20.4 3.8 20.2 4.7 22.8 6.9
tRS, step 2 15.0 -1.3 15.0 0.2 11.6 -2.2 11.0 —6.1
tR6, step 1 52 -1.9 4.8 -1.6 3.8 -2.0 4.6 —-1.2
tR6, step 2 9.9 —24.6 11.6 —-20.9 9.2 —-23.7 7.2 -30.8
tR7 119 224 114 —-23.2 8.8 —25.6 10.3 -27.7
tR8 58.5 24.6 56.2 24.2 52.6 23.3 46.9 21.6
tR9 53.1 23.7 52.9 22.7 49.8 219 46.7 234
tR10 12.8 —28.2 13.4 —25.6 10.4 —28.5 9.1 -33.3
tR11 10.6 —-25.4 11.6 —22.1 8.9 —25.7 8.2 =29.5
tR12 22.0 21.8 22.3 22.1 19.3 19.9 18.8 18.2
Aqueous Solution”

oR1pcym 30.6 —-11.0 30.3 -9.4 21.67 —20.09 22.59 —24.92

“Activation energies AE?, enthalpies AH? and free energies AG®; reaction energies AEy, enthalpies AHy, and free energies AGy. For the coupled

cluster enthalpies and free energies, MP2 thermochemistry was used. bUsing the PCM model.

the corresponding Mayer bond orders of 1.474 and 1.197. For
BSO n(AlO), we used the AlO bond in AlO,” and AlO;*,
having k* values of 5.326 and 2.574 mdyn/A, respectively, and
the corresponding Mayer bond orders of 1.666 and 1.150. All
values refer to an MP2/6-31+G(d,p) model chemistry.*”~*

A dual-level approach was utilized in this work, which has
been proven to be effective in studying larger reaction systems in
conjunction with obtaining accurate energetics.”’ >’ The
reaction valley was evaluated at the MP2 level with Pople’s 6-
31+G(d,p) basis set for all reactions o0R1—oR9 and tR1—tR12.
The ener§etics were calculated at the DLPNO-CCSD(T) level
of theory " utilizing MP2 geometries. The MP2 calculations
were performed with a pruned ultrafine (99,590) integration
grid and a tight convergence criterion. The aqueous solution
applied in reaction oRlpcy was described by the polarizable
continuum solvent model (PCM) of Tomasi and co-workers.*”
As the reaction path, the intrinsic reaction coordinate (IRC) of
Fukui'” was used with a step size of s = 0.03 amu'/? b, applying
the improved reaction path following the algorithm of Hratchian
and Kraka, enabling us to follow a chemical reaction far out into
the entrance and exit channels.'”’ The URVA analysis was
carried out with the program pURVA,'” and local mode
analysis was carried out with the program COLOGNE20.'"
The quantum chemical calculations were performed using
Gaussian09,'** natural bond orbital (NBO) charges were
calculated with the program NBO 6,'>'® and DLPNO-
CCSD(T) calculations as well as the Mayer bond order

8981

calculations were performed using the ORCA® program
package.

B RESULTS AND DISCUSSION

First, the energetics of reactions oR1—oR9, tR1—tR12, and
oR1pcy in aqueous solution are discussed. This is followed by
the URVA analysis focused on discussing the major chemical
events along the reaction path of monomers, dimers, and mixed
compounds of B and Al in the presence of one-water (reactions
oR1-0R9) and two-water (reactions tR1—tR12) molecules.
Then, alocal mode analysis describing the strength of the major
bonds formed and cleaved during the reactions is presented
taken at the reactant (R), transition state (TS), and product (P)
of each reaction. The results are complemented by an
investigation of charge transfer and a ring puckering analysis.
Reaction Energetics. The activation energies and reaction
energies discussed below refer to DLPNO-CCSD(T)/aug-cc-
pVQZ calculations, which are summarized in Table 2. The
energetics of the hydrogen release in the presence of one- and
two-water molecules reveal large variations in the activation
barriers, 6—47 kcal/mol for one-water, 11—56 kcal/mol for two-
water. Most of the reactions involving one-water molecule are
exothermic (4—30 kcal/mol) except for reactions oR3 and oR7
(oR3: 10.2 kcal/mol, oR7: 23.0 kcal/mol). Interestingly, oR9
also is an endothermic reaction where H, is duly liberated during
the reaction. The overall trend in energetics is also true for the

https://dx.doi.org/10.1021/acs.jpca.0c07244
J. Phys. Chem. A 2020, 124, 8978—8993
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Figure 3. Energy profiles for the (a) gas-phase reactions with one-water molecule and 0R1pcy reaction in the aqueous solution, and (b) gas-phase

reactions with two-water molecules.

analogous reactions with two-water molecules, where the
exothermicity is generally reduced (1—26 kcal/mol), whereas
the endothermicity is increased for tR12 (two-water analogue of
0R9, 22.1 kcal/mol) and decreased for tRS (oR3 analogue, 4.0
keal/mol) and tR9 (oR7 analogue, 22.7 kcal/mol). The high
activation barriers in the presence of two-water molecules are
obviously a result of enhanced stabilization of the RC by
hydrogen bonds in the presence of an additional water molecule.
In Figure 3, the energy profiles for reactions with one- and two-
water molecules in the gas phase (GP) and in aqueous solution
are shown. The activation barrier in the aqueous solution
(reaction oR1pcy) is increased by about S kecal/mol indicating
that H, evolution is impeded in the aqueous solution.

Curvature Profiles and Reaction Mechanism. In the
following, curvature profiles of o0R1—0R9 and tR1—tR12 will be
discussed with an emphasis on the mechanistic differences
between reactions involving one-water molecule and their
analogous reactions with an additional water molecule. Addi-
tionally, the influence of aqueous solution is analyzed via
reaction oRlpcy. In Figures 4 and 5, the scalar reaction path
curvatures and their decomposition into most important bond
length components for these reactions are shown. Prechemical
phases, which are associated with reorientations of the RC, and
postchemical phases, which do not contribute to the reaction
barrier, are omitted from the discussion to focus on the actual
chemical events that occurred via bond formation and cleavage.
Thus, the reaction path is narrowed down to only show the
chemical phases. The uncurbed plots showing the entire
reaction path (see Figures S3 and S4) and the respective plots
for curvature decomposition into angle and dihedral compo-
nents (see Figures S5—S8) are included in the Supporting
Information.

An important observation is that except reactions oR3 and
oR?7, all of the other reactions follow a similar curvature pattern
within their respective chemical phases (highlighted with a gray
bar). The chemical phases of these reactions (except oR3 and
oR7) are characterized by three curvature peaks K1, K2, and K3,
recognizable as well-separated distinct peaks or small curvature
enhancements in some cases. These indicate the major chemical
processes of OH,, cleavage, H,H, formation, BH,/ALH, (i = x
for oR1, oR2, and oR6 reactions and i = y for all other reactions)
cleavage, and OB, /OAl, formation. In all cases, the sequence of
chemical events starts with the OHy, cleavage as characterized by
peak K1 before the TS. This peak is dominated by the OHy
contribution accompanied by a resisting contribution from
H_H,,. In addition, K1 has small supporting contributions from
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OB,/OAl, and BH,/AlH, components, where the latter can
also be slightly resisting in some cases.

For the majority of reactions, in the next chemical phase after
the TS, the H,H, bond is formed as seen by the peak K2. Since
H, formation occurs after the TS, it does not cost energy in these
cases. In oR9, oRS (step 2), and oRS8, peak K2 occurs at or
slightly before TS, shifting the latter toward the exit channel
leading to a late transition state. The B;H,/ALH, bond cleavage
and OB,/OAI, bond formation processes span throughout the
entire chemical region, and the finalization of both bond
cleavage and formation is achieved at peak K3 where OB,/OAl,
shows a supporting contribution and BH,/ALH, can show
either a small supporting or a resisting contribution. The
prolonged bond cleavage of B;H,/ALH, bonds, which expands
over several peaks, closely resembles that of a metal—hydrogen
bond cleavage process,107 which is cost-effective, and it is
interesting to observe a stepwise bond cleavage in the presence
of nonmetallic B. As emphasized earlier, during reactions oR3
and oR7 (see Figure 4d,i), no hydrogen is released, i.e., there is
no contribution from the H H;, component in the exit channel,
and thus, the dominating OHj, contribution is absent in the
entrance channel. These reactions are energy-demanding as
evident by their curvature profiles, which reveal that the B .H,
bond cleavage before the TS consumes energy. In comparison to
the two-step reaction oRS with alane dimer, this unfavorable
situation is circumvented by cleaving the AL .H, in the first step
under a low-energy penalty and proceeding into the actual
chemical events in the second step.

Reactions tR1—tR12 are characterized by the presence of an
additional water molecule. In reference to Table 2, only
reactions with a reasonable activation barrier less than 25
kcal/mol as well as those leading to H, will be further discussed,
i.e, reactions tR4, tR6, tR7, and tR10—tR12. The remaining
reactions are included for completeness in the Supporting
Information (see Figure S4).

The chemical phases for reactions with two-water molecules
retain similar characteristics as in the one-water-molecule case
with three curvature peaks describing the major chemical events,
which are OHj, cleavage, H,H,, formation, B;H,/ALH, cleavage (i
= x for tR4 and tR7 reactions and i = y for all of the other
reactions), and OB,/ OAl, formation. In the case of tR6 (step 2;
see Figure Sc) and tR10 (see Figure Se), peak K2 corresponding
to the H,Hy, formation appears as a small shoulder, and in tR12
(see Figure Sg), it becomes a small curvature enhancement.
Similar to their one-water analogues, reactions tR6 (step 2),
tR11, and tR12 are also associated with a late TS.
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Figure 4. Scalar curvature as a function of the reaction path parameter s (solid black line) for the hydrogen release in the presence of one-water
molecule for oOR1—0R9 and oR 1,y reactions in aqueous solution. The reaction path is narrowed down to show only the chemical phases (gray bar).
The decomposition of the scalar curvature into the most important bond components is given. The borders of the reaction phases are indicated by the
vertical dashed lines at curvature minima M1, M2, M3, etc. Curvature maxima are indicated by K1, K2, K3, etc. The TS ats =0 amu'/? b is also

indicated by a vertical dotted line.

In addition to the major components, there are also other
components that contribute significantly to the reaction
mechanism. In the two-step reactions, oRS and tR6, the first
step goes through cleavage of an ALH, bond that is crucial to
acquire the correct orientation of the RC in order for the two
reacting hydrogens to come in close contact. Also in reactions
oRS-step 2, 0R6, and oR8, along with their two-water analogues
tR6-step 2, tR7, tR10, and tR11, the formation of an OAly
interaction is observed as indicated by the subsequent peak after
the chemical phase (see Figure S4 in the Supporting
Information). This leads to the stabilization of the byproduct,
which is reflected in the high exothermicity associated with these
reactions.

Relative Bond Strength Orders. O—H Cleavage. As the
reaction sequence starts off with the cleavage of the OH bond in
all reactions except those with no hydrogen release, we
investigated how the strength of the OH bond is influenced
by the borane and alane catalysts. We applied the local mode
analysis to examine the relative change in k* from the R to TS, as
shown in Table 3. In line with the curvature data, in oR3 and
oR7 and their two-water analogues, the OH bond strength
changes only marginally, whereas for all of the other reactions,
the values vary in the range of 79—97% (see Table 3). It should
be mentioned that in the two-step reactions, the OH bond
cleavage takes place in the second step, accordingly showing a
higher perturbation of the OH bond in the second step.

H—H Formation. As suggested by the curvature data, the H—
H formation occurs slightly before or after the TS. Therefore,
probing the nature of the H—H bond at the TS provides useful
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insights, as analyzed in Figure 6. In line with the curvature data,
reactions oR3, oR7, tR8, and tR9 have the weakest H—H bonds
at the TS, further confirming that H, evolution is impossible
during these reactions. All of the other reactions demonstrate
moderate-to-strong H—H bonds at the TS.

Additionally, we wanted to clarify whether stabilizing
electrostatic interactions between hydridic H~ from B(Al)
and protonic H®" from water can contribute to the activation
barrier as postulated in previous works**~*° involving borane
and alane hydrides. As k* is able to capture all electronic and
steric effects, it is an ideal measure of the strength of the
stabilizing interactions within the dihydrogen bond. Although
there is no direct correlation between the activation energy and
k* (see Figure 7), three trends emerge (marked within differently
colored dashed ovals). The region encircled in red corresponds
to the reactions with high activation energies and weak H-H
bond strengths. The other two regions encircled in purple and
green correspond to all of the other reactions with lower
activation energies and moderate-to-strong H—H bonds.
Interestingly, all reactions within the green region proceed
through a six-membered cyclic TS, compared to the majority of
reactions within the purple region, which have a four-membered
cyclic TS except tR10. The distinction between the two regions
most probably originates from the steric strain inherent to the
four-membered cyclic TS.

B(Al)—H Cleavage. As revealed by the curvature peaks, the
B(Al)—H cleavage process starts before the TS and proceeds
into the subsequent phases, leading to a gradual weakening of
the B(Al)—H bond for all reaction resulting in hydrogen

https://dx.doi.org/10.1021/acs.jpca.0c07244
J. Phys. Chem. A 2020, 124, 8978—8993
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Table 3. Relative Change of k* for the O—H Bond Cleavage in
oR1—-0R9 and tR1—-tR12

reaction K(R)” (mDyn/A)  K(TS)” (mDyn/A)  abs[AK*(%)]
One-Water
oR1 8.340 1.407 83.1
oR2 8.393 0.867 89.7
oR3 8.545 8.166 4.4
oR4 6.768 0.748 89.0
oRS, step 1 8.423 8.200 2.7
oRS, step 2 3.562 0.45 87.4
oR6 7.993 0.900 88.7
oR7 8.403 8.457 0.6
oR8 4.261 0.600 85.9
oR9 8.403 0.527 93.7
Two-Waters
tR1 6.482 1.344 79.3
tR2 8.380 1411 83.2
tR3 8.448 0.873 89.7
tR4 8.448 0.783 90.7
tRS, step 1 8.590 8.221 4.3
tRS, step 2 7.632 0.479 93.7
tR6, step 1 8.452 8.439 0.2
tR6, step 2 6.102 0.454 92.6
tR7 8.068 0.933 88.4
tR8 8.516 8.152 43
tR9 8.407 8.543 1.6
tR10 5.733 0.395 93.1
tR11 6.698 0.488 92.7
tR12 8.451 0.285 96.6

“Local mode force constant for the R. ®Local mode force constant for
the TS. “The absolute change of force constant from the R to TS as a
percentage.
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Figure 6. Power relationship between the BSO n and k* values for H—H
bonds at the TS for reactions with one-water (blue circles) and two-
water (dark blue triangles) molecules.

evolution. This process is analyzed via the BSO n values
determined at the R, TS, and P, as shown in Figure 8. Since BSO
n values were determined using two different power relation-
ships for B—H (solid curve) and Al-H (dashed curve) bonds,
the corresponding data points are separated into their respective
curves. In the R (red points), B—H bonds appear to be generally
stronger than Al-H bonds with BSO n values between 0.8 and
1.0. The BSO 7 values decrease at the TS (blue points) but still
remain moderately strong with values between 0.4 and 0.6,
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indicating that the bond cleavage has not been finalized yet. In
the P (purple points), all except oR4 and oR9 have BSO n values
close to zero, those with marginally strong B—H bonds implying
a weak B—H interaction in the P. A similar analysis was done for
reactions with two-water molecules and is included within the
Supporting Information along with local mode properties at R,
TS, and P for all reactions (see Figure S10 and Tables S1 and
S2).

O—B(Al) Formation. A critical consideration in the catalytic
H, production is the regeneration of the catalyst from the borate
and aluminate byproducts, which is required to close the
hydrogen cycle. This is very challenging due to the inefficiency in
the process of breaking an O—B(Al) bond in the byproduct to
generate a B—H bond.'**~""° Utilizing the local mode analysis
to inspect the intrinsic bond strength of O—B(Al) bond(s) in
the byproduct, we were able to shed some new light on the
regenerability of the catalyst, which is a complex process and a
comprehensive analysis is required, however, to further
understand its proper mechanism.

As seen from Figure 9, the strongest O—B(Al) bonds are
formed in the byproducts from the reactions oR1, oR2, oR4,

https://dx.doi.org/10.1021/acs.jpca.0c07244
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oR6, and oR9 and their two-water analogues tR1—tRS, tR7, and
tR12, having BSO  values between 1.0 and 1.3. Reactions oR6
and tR7 lead to relatively weak secondary (numbered as 2, BSO
n: 0.6) Al—O bonds; however, having strong primary
(numbered as 1, BSO n: 1.1) Al—O bonds restricts the efficiency
of these byproducts in the regeneration process. Interestingly,
the byproducts from reaction oR8 along with its two-water
analogues tR10 and tR11 emerge to have very weak B—O bonds
(BSO n: 0.5), in addition to moderately strong primary Al-O
bonds (BSO n: 0.8—0.9), rendering it as a desirable candidate to
be considered for catalyst regeneration. In addition, similar to
the B(Al)—H cleavage, the O—B(Al) formation also follows a
stepwise procedure with moderately strong O—B(Al) bonds at
the TS (see Tables S3 and S4 of the Supporting Information).

Charge Transfer. We performed an NBO charge analysis
along the reaction path, as shown in Figure 10, for the catalyst
(Figure 10a,b) and the two hydrogen atoms (Figure 10c,d)
taking part in the dihydrogen bond.

We observed that the charge transfer starts already in the van
der Waals region, i.e., in the entrance channel, where the catalyst
accepts charge from water in all reactions involving one- and
two-water molecules. In the case of one-water molecule, the net
charge acquired by the catalyst in the beginning goes to a
maximum of 300 me, and in the two-water case 334 me. It seems
that the introduction of a second water molecule to the initial
RC has little influence on the charge-transfer process, which
primarily occurs between the catalyst and the water molecule in
direct contact. After passing through a minimum (see the dip in
the curves in Figure 10ab), the charge transfer switches
direction before the TS for the majority of the reactions,
revealing the bifunctional nature of borane and alane catalysts. It
should be mentioned that in the first step of oRS and similarly in
tR6, the charge-transfer switching point is observed after the TS,
but in both cases, the major chemical events occur in step 2.
However, oR3 and oR7 and their two-water analogues tR8 and
tR9 are in contrary where they continue to act as charge
acceptors as the reaction proceeds.

After switching direction, the catalyst starts to act as a charge
donor with the above-mentioned exceptions, and for the
majority of the reactions, it is observed that the net charge
donated reaches a maximum during the chemical phases
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corresponding to the OH cleavage and HH formation. In fact,
the highest charge donated within the chemical phases varies
between 70 and 470 me in the one-water scenario and 60—700
me with two-water molecules. In all reactions where the catalyst
acts as a charge donor in the chemical phases, an energy barrier
of around 5—25 kcal/mol is observed with one-water molecule
and 10—30 kcal/mol for two-water molecules. This increases up
to 55 kcal/mol in the cases where the catalyst reverses its role
and acts as a charge acceptor in the chemical phases. This is an
indication that the preferred role for the catalyst is as a charge
donor for a feasible hydrogen release.

We further analyzed in reaction oR3 the inability to act as a
donor, in comparison to oRS reaction where the catalyst is
bifunctional, via a molecular orbital approach as provided by the
NBO analysis. It was seen in oR3, initially, that the electron
density of the s-orbital in the bridged H, atom is delocalized into
nonbonding p orbitals of both B, and B, as suggested by the
strong interaction energies (second-order perturbation energies,
E2: 817 and 878 kcal/mol). Meanwhile, the electron acceptor
ability from the lone pair of the incoming O atom into the
nonbonding p-orbital of B, is greatly reduced (E2: 0.85 kcal/
mol). As the reaction proceeds from the R to TS, the acceptor
ability of the latter increases (E2: 142 kcal/mol), but the
electron donor capacity from the B,—H, sigma bond into the
O—H, sigma antibonding orbital remains very low (E2: 0.25
kcal/mol), consequently restricting the O—H,;, bond cleavage
and B,—H, sigma and Hj, s-orbital overlap that need to promote
the dihydrogen interaction. In contrast, in oRS, the nonbonding
p-orbital of Al, strongly accepts electron density from the O lone
pair in the beginning (E2: 48 kcal/mol), and going toward the
TS, the Al,—H, sigma bond weakly donates (E2: 0.84 kcal/mol)
to the O—H,, sigma antibonding orbital, which substantially
increases (E2: 45 kcal/mol) in the intermediate after the first
step, thereby promoting OH bond cleavage in the second step
and subsequent H, formation.

In addition, the charges on the two hydrogen atoms, H, from
catalyst and Hy, from water, were analyzed as indicated in Figure
10c,d. It can be seen that H, in the catalyst is more negatively
charged than Hy, in water in the beginning, and the charge on
both H atoms deteriorates rapidly after TS, in all complete
reactions as the H,—H, bond is formed. The electrostatic
attractions between the oppositely charged H atoms drive the
H—H bond formation process, which is, however, unattainable
in oR3 and oR7 and the two-water analogues of the latter, tR8
and tR9.

Considering the reaction in the aqueous solution, oRlpcy
(see Figure 10e), it can be seen that shortly before the TS, the
catalyst changes the charge-transfer direction and proceeds as a
charge donor, donating a maximum of 655 me. Altogether, the
charge-transfer mechanism seems more or less similar to its gas-
phase counterpart. However, in comparison to oR1, the charge
separation between the catalyst and water in the van der Waals
complex appears to be higher, which is a consequence of the
polar medium.

As charge transfer is a crucial factor in the reaction
mechanism, we were interested in deriving an explicit relation-
ship between the charge-transfer process and the activation
energy AE®. By taking into account that O—H and X—H (X =B,
Al) bond cleavage processes occur or in the case of the latter
initiates before the TS and these cost energy, it was worth
analyzing how the change in the charge separation, going from
the R to TS for the respective atoms of the cleaving bond, i.e.,
charge separation between the O and H atoms for the O—H

https://dx.doi.org/10.1021/acs.jpca.0c07244
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bond and between the X and H atoms for the X—H bond,
correlates with the AE". It was immediately observed that there
is a distinct division in the data set based on the predominant
type of correlation as shown by Figure 10 for reactions oR1—
oR9. For reactions oR1, oR2, oR4, and oRS8, there is an inverse
relationship with AE® for the cleaving O—H bond where a small
change in the charge separation between the O and H atoms
going from the R to TS results in a higher AE* (see Figure 11a).
In contrast, reactions oR3, oRS, oR6, oR7, and oR9 show a
direct correlation with the change in charge separation for the
cleaving X—H bond where a large charge separation in the X—H
bond as it goes from the R to TS leads to a higher AE* (see
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Figure 11b). For each of the reactions, by considering the
predominant O—H or X—H contribution to the AE® and its
nature, one can derive useful guidelines to modify the catalysts
so that the AE® is reduced. In the cases of oR1, oR2, 0R4, and
oR8, electron-withdrawing substituents on the catalyst will
result in higher charge separation for the O—H bond, thereby
reducing the AE®. Likewise, electron-donating substituents in
the cases of 0R3, oRS, 0R6, 0R7, and oR9 can reduce the charge
separation in the X—H bond and lead to lower AE". An analysis
of similar nature was conducted for the two-water case, which
shows parallel trends and is included in the Supporting
Information (see Figure S9).
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Figure 11. Correlations between the activation energy AE* and the cleaving OH and XH (X = B, Al) bonds for reactions oR1—oR9.

Puckering Analysis. It has been shown in previous studies
that the catalyst actively participates in the hydrogen transfer
through a six-membered cyclic TS,** which has been observed
for several reactions in this study. However, a quantitative
measurement of the ring puckering and its influence on the
hydrogen transfer mechanism has not been discussed so far. We
used the Cremer—Pople puckering analysis''' ™"’ to evaluate
the puckering of the intermediate six-membered rings, which is
discussed in detail in the following.

The Cremer—Pople puckering analysis probes the conforma-
tional changes in the RC during the reaction and provides a
quantitative description of the intermediate rings. The
puckering analysis for a six-membered ring is based on the
following parameters: puckering amplitudes g, and g3 the
pseudo-rotation phase angle ®,, the hyperspherical angle ®, and
the total puckering amplitude Q. The combination of the
pseudo-rotational coordinate pair (g, @,) describes the pseudo-
rotation of the boat and twistboat forms of the six-membered
ring, while the single-crown puckering amplitude (q;) describes
the chair (positive g;) and inverted chair forms (negative q3).
The contributions from each of the conformations, chair, boat,
and twistboat forms, can be quantified using the values of the
puckering coordinates as given by the following formulas'"'~"'"?

2
q
chair: 100% X —32
Q

2)
¢
boat: 100% X —22 cos’(3®,)
Q (3)
g
twistboat: 100% X [1 — cosz(3(I>2)]—22
Q (4)

In Table 4, the percentage contribution from each of the chair,
boat, and twistboat conformers is summarized for the TS of
reactions involving a six-membered ring, which are o0R3—oRS
and oR7—0R9 and their two-water analogous reactions tRS,
tR6, and tR8—tR12. According to the puckering analysis, the TS
of the majority of the reactions has a predominant twistboat
character, the contributions varying from 36 to 93%. The
transition state of reactions oR3 and oR4 along with tR8, tR10,
and tR11 is predominated by the boat form with contributions
73.8, 86.5, 47.4, 66.5, and 56.6%, respectively.
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Table 4. Puckering Analysis for the TS Involving a Six-
Membered Ring Formation (% Contributions)

reaction chair boat twistboat
One-Water
oR3 15.8 73.8 10.4
oR4 124 86.5 1.0
oRS, step 2 14.0 0.1 85.9
oR7 27.5 6.6 65.9
oR8 8.1 23.9 68.1
oR9 42.5 3.1 54.4
Two-Waters
tRS, step 2 9.0 0.9 90.1
tR6, step 2 11.9 2.4 85.6
tR8 28.0 47.4 24.6
tR9 28.7 34.9 36.3
tR10 18.5 66.5 15.0
tR11 9.4 56.6 34.0
tR12 36.9 19.2 439

We further analyzed how the character of the TS could
influence the activation barrier, as presented in Figure 12. A
quadratic relationship was observed between the percentage of
the twistboat character in the TS and the activation energy for
the set of reactions shown in Figure 12a. It can be deduced from
this correlation that a twistboat character of 70—75% would
ideally be suitable for lowering the activation barrier, and in this
connection, the TS of oR8 has the most favorable conformation.
For the remaining set of reactions, we could observe a quadratic
relationship between an admixture of boat and twistboat
characters in the TS and the activation barrier, as shown in
Figure 12b. Higher admixture percentages contributed to lower
activation barriers, with the TS character in tR11 being the most
favorable.

B CONCLUSIONS

In this work, we probed the mechanistic features of the hydrogen
evolution reaction from water in the presence of small hydrides
such as boranes and alanes, in the gas phase and in solution, by
employing URVA complemented with the local mode analysis
and the ring puckering analysis. This led to the following
conclusions:

o For all reactions, except the reactions oR3 and oR7 and
their two-water analogous reactions tR8 and tR9, a similar

https://dx.doi.org/10.1021/acs.jpca.0c07244
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curvature pattern in the chemical phases was found
consisting of three curvature peaks. These peaks
correspond to the major chemical events occurring during
reaction, i.e,, O—H cleavage, H—H formation, B(Al)-H
cleavage, and O—B(Al) formation. In all cases, the O—H
cleavage precedes the other chemical events. Interesting
to note, the B(Al)—H cleavage spans over a range of peaks
in a cost-effective fashion, resembling the metal—H bond
cleavage.

The local mode force constants of the O—H, H—H,
B(Al)-H, and O—B(Al) calculated for R and TS
complement the curvature data. The O—H cleavage
process is characterized by a relative change in k* between
the R and TS of more than 75%. The same holds for the
B(Al)-H cleavage. Furthermore, there is a correlation
between the activation energy and the change in the
charge separation for the cleaving O—H and B(Al)-H
bonds going from the R to TS. For reactions with a larger
change in the charge separation for the O—H bond
corresponding to lower activation energies, electron-
withdrawing substituents on the catalyst will reduce the
activation barrier. On the other hand, for reactions with a
smaller change in the charge separation for the B(Al)—H
bond associated with lower activation energy, electron-
donating substituents on the catalyst will further reduce
the activation barrier. This provides useful guidelines for
the modification of these catalysts.

We observe moderate-to-strong H—H bonds at the TS for
reactions leading to H, liberation. Most importantly,
reactions without hydrogen release are characterized by a
weak H—H bond (i.e., small k* values) at the TS, thereby
discarding any practical utilization of these catalysts for H,
production. Trends between k*(H—H) at the TS and
activation energy reflect TS stabilization via dihydrogen
bond formation. The stepwise cleavage of the O—B(Al)
bond is indicated by moderately strong O—B(Al) bonds
at the TS. The O—B(Al) bond strength of the byproduct
provides insights into the regenerability of the catalyst.
Accordingly, oR8 and its two-water analogues tR10 and
tR11 are the most promising candidates for catalyst
regeneration.

The driving force behind these reactions is the charge
transfer between the catalyst and water. Oppositely
charged H atoms of the catalyst and water participate in
a dihydrogen interaction, which eventually leads to the
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release of a H, molecule. Except in 0R3 and oR7 and their
two-water analogous reactions tR8 and tR9, the catalyst
acts as a charge donor in the chemical phases. In reactions
with no hydrogen release, the catalyst acts as a charge
acceptor within the chemical phases. A molecular orbital
analysis of oR3 further confirmed the inability of the
catalyst to act as a charge donor. The donation from the
B—H sigma orbital to the O—H sigma antibonding orbital
is extremely low, as revealed by the orbital interaction
energies. As examined for oR1pcy, the overall charge-
transfer mechanism in solution remains unaltered;
however, it leads to a larger charge separation in the RC
compared to the gas phase due to the presence of the polar
medium.

Conformational changes also contribute to the reaction
mechanism and the activation barrier. In most cases, the
reactions proceed through an intermediate six-membered
ring. The puckering analysis suggests that the latter is
predominantly of boat and twistboat characters. The
puckering character of the TS correlates with the
activation barrier. Two subsets of reactions were
identified with lower barriers, favoring either 65—75%
of the twistboat character or a high percentage of the boat
and twistboat admixtures.

Inspired by the new insights, we are currently investigating how
to best optimize these catalysts for efficient hydrogen evolution.
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