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ABSTRACT: The rational development of aqueous-phase catalysts is
limited by a lack of fundamental understanding of the precise role of
solvent molecules in the reactions. For deeper insight into these general
processes, we carried out a detailed theoretical study of NaBH,
hydrolysis to unravel a plethora of complex reaction pathways. Our
study involves no a priori assumptions about individual reactant or
product states, which are identified through a combination of ab initio
molecular dynamics and nudged elastic-band methods. Snapshots of
our computational modeling identify canonical reaction mechanisms
whereby the aqueous environment facilitates proton and hydride
transfers as well as solvent rearrangements extending across multiple
layers of solvation. In addition to providing the most comprehensive
computational study of NaBH, hydrolysis to date, the mechanisms
presented herein are relevant for characterizing other reaction processes

Final State

Reaction coordinate (4)

involving coupled proton-hydride reactions influenced by subtle changes in reaction environments (e.g, those that would be
encountered in hydrogen evolution, water oxidation, and CO, conversion processes). This novel and unbiased quantum

chemistry modeling approach shows great promise for computational elucidation of homogeneous phase chemistry.

B INTRODUCTION

Recent focus on renewable energy catalysis has reemphasized
the need for improved fundamental understanding of proton,
hydrogen, and hydride transfers in solution.'~” These reactions
are often the critical steps in various biochemical processes,®
hydrogen storage in chemical’ and metal hydrides,'® hydrogen
evolution,"'™'* water oxidation,">™'® and CO, reduc-
tion."""*~* While first-principles quantum chemistry modeling
can provide important insight into these processes, predictions
from some of these approaches can be limited due to a priori
assumptions about the role of solvent molecules and the precise
reaction steps. For example, modeling a solution-phase reaction
with only a few explicit water molecules may not correctly
model the true role of the solvent. Furthermore, there is no
guarantee that a user-defined reaction coordinate represents the
actual reaction pathway. Robust and unbiased computational
modeling approaches would elucidate complicated reaction
mechanisms for the development of improved, economical, and
versatile catalysts.

Such modeling can be employed to better understand
sodium borohydride, which has a remarkably broad spectrum of
uses.”* > NaBH, is safe to store and handle, and it is one of
the least expensive metal hydrides commerecially available (on a
hydride equivalent basis). Chemists use it ubiquitously in
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laboratories as a reducing agent for converting aldehydes and
ketones into alcohols, and it has been widely studied for
hydrogen storage since it was first synthesized by Schlesinger et
al. in the early 1950s.*® Many chemical processes use NaBH,,
but atomic-scale aspects of its solution phase chemistry have
remained poorly understood.>” While hydrolysis reactions are
often regarded as simple to carry out in a laboratory, atomic-
scale NaBH, hydrolysis mechanisms have been controversial
for more than a half century. The aforementioned versatility of
NaBH, suggests that it may have even more undiscovered uses,
but the rational development of new technologies that exploit
subtle aqueous-phase phenomena necessitates new tools for
deeper understanding.

Overall, one single chemical equation can compactly express
NaBH, hydrolysis:

NaBH, + (2 + x)H,0 — NaBO,-xH,0 + 4H, (1)

where x represents excess (undesirable) water, which decreases
hydrogen storage density in a reaction system. Equation 1
reveals neither the subtlety of the fundamental molecular
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mechanisms nor the practical difficulties of carrying out this
reaction. This process only involves relatively small molecules,
but as alluded to above, experimental hydrolysis mechanistic
studies have neither been conclusive nor consistent with one
another.®” Moreover, many of the hypothesized reaction steps
in NaBH, hydrolysis involve reactions between hydridic and
protonic hydrogens, whose natures are certainly influenced by
complex aqueous environments.>®

These points make NaBH, an ideal system to study using
state-of-the-art unbiased computational modeling. Although the
detailed mechanisms in this study are directly relevant to
hydrogen storage, one finds that the elementary reaction
mechanisms that comprise eq 1 should also be applicable to
other classes of chemical reactions involving proton and/or
hydride transfers such as those mentioned above. In fact, when
scrutinized with snapshots of the reaction mechanism from
theory, we find that several elementary steps follow conven-
tional (ie., textbook) reaction mechanisms such as reductive
eliminations and Sy2 reactions. Not only that, but chemistry of
boron atoms with an empty p orbital resembles that of
conventional transition metal chemistry.

Our study differentiates and then categorizes the elementary
reaction pathways encompassed in eq 1 to provide fundamental
insight for better control over individual proton and hydride
transfers in solution. To do this, we begin by briefly
summarizing multiple experimental observations to highlight
what is known and not known about NaBH, hydrolysis to show
how this kind of theoretical modeling can predict and clarify
unknown reaction mechanisms.

B PRIOR EXPERIMENTAL STUDIES ON NABH,
HYDROLYSIS

NaBH, hydrolysis proceeds slowly without catalysis at ambient
conditions. Previous work has often focused on improved
kinetics and yields using metal catalysts®® ™' or steam
hydrolysis.>*”>* The apparent activation energy for the
uncatalyzed NaBH, hydrolysis reaction was reported to be
1.02 + 0.10 eV.* Activation energies with various heteroge-
neous catalysts range from about 0.3 to 0.8 eV.*’ ' The
reaction rate, reaction mechanism and the hydrolysis end
products are all dependent on the pH of the solution.”**” Acids
have long been known to accelerate NaBH, hydrolysis, but
there is still no complete description of the reaction
mechanism, and some details of the initial steps remain
inconclusive.”**”

Most experimental efforts aiming to identify BH} hydrolysis
mechanisms were carried out more than 60 years ago.***°~"®
Recent work has instead focused on engineering optimal
reaction conditions and catalysts.’*~*/*375%7°785 Experimental
studies generally concluded that the rate-limiting step of the
first H, generation step involves BH, protona-
tion,*7%~717377 byt there is disagreement over what is the
product of the first elementary reaction step. On the basis of
isotope kinetics studies, Davis et al. concluded the first product
would be BH,,*””° while Mesmer and Jolly proposed it would
be BH,.”' Proton magnetic resonance studies have not been
able to identify other intermediates, thereby suggesting that all
subsequent reaction steps are very rapid.”" Other products in
BH; hydrolysis have been 5proposed including BH;OH,
BH,(OH);, and BH(OH);.>""%61656873-76 Gardiner and
Collat characterized BH;OH™ on the basis of ''B NMR spectra
and polarographic data.”*”* Goubeau and Kallfass also reported
BH;OH"~ formation observed by infrared spectra.”® At the time

they claimed that the first hydrogen atom would leave BH}
more rapidly than the other three hydrogen atoms, though later
consensus formed that BHy formation is actually rate limiting.
Mochalov et al. proposed that NaBH, hydrolysis in buffered
solutions consisted of stepwise substitutions of B—H bonds in
BH; with B—OH bonds.®®”*7¢ Recent reviews summarize
these earlier experiments in greater detail.”**’

The first step of BH, hydrolysis under acidic conditions was
proposed to be first-order in the reactant according to

rate = [BH, ]k, [HA/]

i

- kH30+[BHZ][H30+] + kHzo[BHZ] [H,0]
+ kya[BH][HA] @)

where HA; is a general acid. 3779707377 The rate constant
kiy,o* was reported to be (1.00 + 0.04) X 10° M™" s™" by Davis
et al. via iodate analysis,”® 2.5 X 10° M~ s~ by Pecsok based
on polarographic techniques,® and (9.9 + 0.03) x 10° M~ s~
by Kreevoy and Hutchins from manometrical measurements.””
Activation energies for the term have been reported by
Pecsok,” Freund,®* Stockmayer et al,® and Gardiner et al.”?
to be 0.39, 0.31, 0.39 + 0.04, and 0.48 + 0.04 eV, respectively.

In summary, despite the copious experimental work on
borohydride hydrolysis, there is a noticeable lack of under-
standing of the individual reaction steps and the role of aqueous
environment in the reaction mechanisms. We will now
demonstrate that periodic Kohn—Sham density functional
theory (DFT) can be used to identify all of the essential
elementary reaction steps for uncatalyzed NaBH, hydrolysis
through a combination of high-temperature molecular dynam-
ics and state-of-the-art transition state finding algorithms. We
use this formalism to show that eq 1 involves as many as 16
elementary reaction steps, and we quantify all with their
accompanying barriers. Surprisingly, we found that many of
these reactions involve extensive proton shuttling across water
networks that extend beyond the first solvation shell of the
reactants. Again, while this study provides comprehensive
insight into the chemistry of uncatalyzed NaBH, hydrolysis, we
also make note of the versatile binding motifs found at boron,
making this study also relevant for representing quintessential
proton and hydride transfers in aqueous solution that might be
facilitated with proteins, organometallics complexes, and
nanomaterials.

B COMPUTATIONAL METHODS

First-principles periodic plane-wave DFT***” calculations were
carried out using the Vienna ab initio simulation package
(VASP).®°! The calculations utilized the PW91 exchange
correlation functional within the generalized gradient approx-
imation (GGA)>*® as well as projector augmented wave
(PAW) pseudopotentials on all atoms.”*”® Plane wave cutoff
energies were set to 520 eV after finding this gave well-
converged structures and total energies. It is well-known that
DFT with standard GGA functionals may give incorrect results
for some systems, mainly because of delocalization and static
correlation errors.”® We note that while modelinog liquid water
with DFT is notoriously challenging,””'°° the PW91
exchange-correlation functional gives reasonable structural,
energetic, and transport properties for bulk liquid water in
agreement with experiments.101 Moreover, Leung et al.
demonstrated that PW91 models of the water/formate ion
system gave results in qualitative agreement with experimental
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structural data.'®> Thus, this approach should provide

predictive insights into the aqueous NaBH, system.

We tested the accuracy of the PW91 functional by comparing
results with those from high-level ab initio calculations for two
gas phase reactions that mimic elementary reaction steps found
in our condensed phase calculations. We used second-order
Moller—Plesset g)erturbation theory and coupled cluster
CCSD(T)-F12b'® because these methods are free from the
delocalization and static correlation errors that plague DFT. We
found that barrier heights from PW91 are within 0.2 eV of the
CCSD(T)-F12b results, which is reasonable accuracy for a pure
GGA approach. We expect that the mechanisms identified here
will be accurate, although the barriers estimated from our
PWOI1 calculations are not within chemical accuracy. Details of
the calculations are given in the Supporting Information.

Born—Oppenheimer ab initio molecular dynamics (AIMD)
calculations were carried out using VASP to identify candidate
reaction mechanisms and reaction intermediates (see Support-
ing Information for details). We stress that unlike other first-
principles quantum chemistry mechanistic studies'**'* that
have treated solvation with implicit continuum models'*®~'%®
or mixed explicit/continuum models,'®™'"? this approach
allowed us to make no a priori assumptions about the number
and types of intermediates or products. All reaction
intermediates were observed naturally during the course of
the AIMD simulations. Nudged elastic band (NEB) methods
were then used to link these intermediates via reaction
pathways determined by the computational algorithm, enabling
us to see how and how many explicit water molecules
participate in these aqueous-phase reactions. We note that
Mattioli et al. recently used a combination of AIMD and NEB
methods in a study to identify reaction pathways for oxygen
evolution occurring on Co catalyst nanoparticles.

The size of our cubic AIMD simulation cell was 10 A on each
side. Three different compositions were modeled to account for
concentration effects. Systems were constructed with one, two,
or three NaBH, groups and 33, 31, or 29 H,0 molecules,
respectively, to give densities consistent with liquid-phase
solutions. Multiple AIMD simulations were performed for 10
ps or more at a very high temperature (2000 K) to accelerate
kinetics to generate a family of candidate reaction pathways.
The temperature acceleration allowed more efficient explora-
tion of reaction pathways and reduced the time trapped in local
minima and therefore facilitated the identification of a larger
number of reaction mechanisms than simulations at lower
temperature for a given time interval. The reaction events
observed in AIMD simulations were used to generate initial
guesses for reactant and product states for NEB transition state
calculations. We performed geometry optimizations at 0 K
starting from structures obtained from AIMD simulations. Note
that we are not identifying reaction rates through high-
temperature AIMD because rates and the relative importance of
competing pathways depend exponentially on temperature.
Reaction pathways, which are independent of temperature,
were then obtained using NEB methods at 0 K. Therefore,
these data are not to free energies. The NEB calculations often
yielded intermediate minima and these were often used as
starting (or ending) points for refining the reaction pathways.
Note that this approach is different from AIMD metadynamics
procedures,'*> which also investigate chemical kinetics under
the influence of solvation effects and provide estimates of the
free energies of reaction,"'®™"*° but which require specification
of constraints or collective variables that influence the selection

of the reaction pathway. We identified minimum-energy
pathways involving both atomic and unit-cell degrees of
freedom using the generalized solid-state nudged elastic band
(G-SSNEB) method.'*" The G-SSNEB method was employed
because the constant volume NEB (CVNEB) method typically
failed to converge when using the local minima obtained from
relaxation of the AIMD snapshots as the reaction pathway end
points. We found that the relaxation of the volumes in the G-
SSNEB facilitated convergence of the reaction pathways and we
ascribe this to ensuring that the pressure within the liquid along
the pathway is close to zero. To ensure G-SSNEB pathways
were robust and realistic, we constructed CVNEB pathways
based on the initial and final state geometries obtained from G-
SSNEB calculations but requiring the cells to have cubic
symmetry and to have the minimum volume encountered in
the G-SSNEB pathway. The atom positions for the initial and
final states in these CVNEB calculations were relaxed at the
new cell volumes. This means that the G-SSNEB and CVNEB
calculations did not have the same end points and hence where
somewhat independent. The simulation cell lengths ranged
from about 9.5 to 10.5 A on each side in the CVNEB
calculations. These values corresponded to the minimum
volumes of the noncubic cells encountered in the G-SSNEB
calculations. We used the climbing image NEB approach'**'*?
with both G-SSNEB and CVNEB calculations. G-SSNEB has
been successfully used for determining reaction pathways for
solid—solid transitions.'*" This study is the first to show that it
can also be used to study aqueous-phase reactions. We used the
Quick-Min optimizer'** for the NEB calculations, converging
the reaction path until forces on all atoms were less than 0.03
eV/A. We tested this convergence criterion by comparing the
energies and geometries computed with a convergence criterion
of 0.01 eV/A for a representative pathway and found only a
0.02 eV decrease in the barrier height for the tighter
convergence. Note that we do not apply zero-point energy
corrections or account for nuclear quantum effects in any way.
These corrections would decrease the barriers but are not likely
to change the pathways significantly. It is not the goal of this
work to report highly accurate values for the reaction barriers
(indeed, standard GGA DFT is not the appropriate tool for
such a goal). Our results give mechanistic insight into the
complex liquid-phase reactions that have not been identified
previously. In principle, our results could be used to construct
collective variables for metadynamics simulations that could
include entropy and nuclear quantum effects (e.g., through the
path integral formalism).

B RESULTS AND DISCUSSION

Scheme 1 summarizes elementary reaction steps identified for
NaBH, hydrolysis. As noted above, we computed pathways
using both G-SSNEB and CVNEB methods. Both found
essentially identical sets of reaction pathways in terms of the
apparent intermediate images, which indicates that the
pathways identified are realistic and robust. The barrier heights
computed from the two methods are always in qualitative
agreement, but they quantitatively differed from each other by
as much as 0.28 eV and an average absolute difference of 0.17
eV. The reaction energies are in worse agreement, differing by
as much as 0.52 €V, average absolute difference of 0.23 eV (see
Supporting Information Table S1). These differences in
energies appear mainly to be due to solvent rearrangements.
From this we infer that one should not think about a single
reaction barrier, but rather consider an ensemble of barriers
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Scheme 1. Reaction Steps for the Uncatalyzed Hydrolysis of
NaBH, Studied in This Work”
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“Discussions of reactions are organized into groups A—D in the main
text. Black lines show reactions between hydroxyborates and H,O,
blue lines show intramolecular reactions, and red lines indicate
reactions between two borate species. Donor—acceptor bonds to the
boron are denoted with an arrow.

depending on the specific configuration of the solvent.
However, the basic features of the mechanisms appear to be
robust, so that the pathways may be taken to be representative
of what is actually occurring in the solution. We note that the
uncertainty in these barriers is on par with the accuracies of
computed barrier heights from DFT (of 0.2—0.3 eV). For
brevity, we report CVNEB data for the remainder of this paper,
while the Supporting Information contains comparisons
between G-SSNEB and CVNEB reaction energy profiles
(Supporting Information, Figures S2—S4) and a tabulation of

all calculated barrier heights and reaction energies (Supporting
Information, Table S1).

Over the course of this study, we found that elementary
hydrolysis steps involved complex solvent rearrangements at
each step of the reaction, particularly around OH™ groups.
AIMD simulations captured relatively long-range proton
shuttling (of more than 8 A), in agreement with expectations
from experimentally observed structure of protons in aqueous
solution.'>® Previous simulations have modeled proton relays in
chemical reactions using relatively small numbers of explicit
water molecules,"'>''® but in our case the long relays we have
observed could not have been modeled this way without a
priori knowledge of the pathway or the number of water
molecules involved in the process. Although our approach does
not calculate free energy barriers and therefore is not directly
comparable to experimental observation, the sequentially linked
images within the NEB calculations provide a descriptive
illustration of each reaction pathway from start to finish.
Furthermore, as with any process involving complex solvent
rearrangements, ensembles of pathways should also be assumed
to be in play. These ensembles may be more readily classified
and characterized based on the pathways presented in this
study.

For method validation, we first determined the energy barrier
for the first step of the NaBH, hydrolysis reaction under acidic
conditions and then compared that result with experimentally
known activation energies. Again, the experimentally observed
enthalpy or free energy activation energies will not be exactly
the same as energy barrier at zero kelvin that we calculate.
Nevertheless, the reaction barrier calculated from our CVNEB
calculations (see Figure SS in the Supporting Information) is
0.50 eV, a value in good agreement with the high end of
experimentally observed activation energies ranging from 0.31
to 048 eV.2%*73 Interestingly, the initial state for the
reaction has H;O" and BH; not being nearest neighbors but
next-nearest neighbors. Repeated attempts to relax H;0" to a
position immediately besides BH] always resulted in proton
shuttling off the hydronium onto an H,O molecule in the
second solvation shell of the BH; anion. Proton hopping is a
recurring theme in most of these reaction pathways. Addition-
ally, the Na cation was found to be only an observer in all
reaction processes.

As a second validation test, we estimated the overall reaction
enthalpy for the NaBH, hydrolysis at room temperature using
our DFT approach and compared these results with
experimental data. Recent experimental values for NaBH,
reacting to form NaB(OH), are —2.18 + 0.11 eV from
Zhang et al.'*® and —2.45 eV from Damjanovi¢ et al.'*” The
reaction enthalpy was estimated by performing AIMD
simulations of the reactant (NaBH, + 33H,0) and the product
(NaB(OH), + 29H,0, assuming ideal gas behavior for four H,
molecules) at 300 K. The two AIMD simulations for each case
ran for about 40 ps, with the first 5 ps used for equilibration.
The average energies for each system were estimated by
averaging the energies of 40 snapshots for both the reactant and
product simulations. This resulted in an estimated enthalpy
change for NaBH, hydrolysis of —1.80 + 0.34 eV NaBH,, in
reasonable agreement with experimental values.

Reactions Between Hydroxyborates BH,_,(OH); (x =
0, 1, 2, 3) and H,0. Reaction Group A. The first step in the
uncatalyzed hydrolysis of NaBH, is proton donation from water
to the BH; group (eq 3). The result of this shuttling proton
transfer is an H, molecule bound to the B atom.
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BH; + H,0 — BH, + OH" 3)

Note that this is fundamentally a protonation that converts a
covalent bond into a donor—acceptor bond. Figure S6 of the
Supporting Information shows the CVNEB minimum-energy
reaction pathway for this process. While this elementary step
has been identified experimentally,”"”” the energy barrier for
this process until now has been unknown. We calculate this
energy barrier to be 1.03 eV, which is consistent with the
experimental observation that NaBH, hydrolysis in solution is
very slow in the absence of protons in solution at room
temperature.>” Figure 1 illustrates the structures of the initial,
transition, and final states (see the corresponding movie in the
Supporting Information).

Transition

Figure 1. Structures of the initial, transition, and final states for H,
formation at a donor—acceptor bonding site (eq 3). Molecules
participating in the chemical reaction are highlighted, while molecules
not participating in chemical reactions are semitransparent (this
convention is also used in other figures). H atoms participating in
proton transfers are colored to highlight the overall proton-transfer
process. Red atoms are oxygen, the pink atom is boron, and hydrogens
not participating in the reaction are white.

The reactant state for this process has a tetrahedral BH} ion
retaining its four-coordinate structure with the formed H,
bound via a three-center two-electron (3c-2e) bond, a bonding
motif commonly found in organometallic complexes. Five H,O
molecules form a chain to facilitate the overall proton transfer.
The H,O closest to BHj in the initial state has an O—H bond

pointing to BHj that increased from ~1.0 A to 1.4 A at the
transition state. From the transition state to the final state, one
sees proton shuttling across the five water molecules resulting
in the OH™ ion being coordinated by hydrogen bonds with
surrounding water molecules. The OH™ is separated from the
BH; group by about two H,O solvation layers (with a O—B
distance of 7.4 A, see Supporting Information). Long-distance
proton shuttling was also observed in AIMD simulations for
this reaction. A movie showing the reaction involving proton
hopping among six different water molecules is provided in the
Supporting Information. We sometimes observed the recombi-
nation of the BH; + OH™ product state to the BH; + H,O
initial state in our AIMD simulations when BH; and OH™ were
close proximity, that is, if proton shuttling did not result in the
OH™ group being effectively moved away from BHs.

We note in passing that the pH changes in our simulations as
the reaction proceeds, for example, through the generation of
an OH™ group through eq 3, which is not the case for
experiments in buffered solutions.

Our calculations show that BH, is a metastable state with C;
symmetry (analogous to CH;"), agreeing with previous
studies.”””"*®'* This species was aptly identified as H,BH; by
Kreevoy et al,”” because it has two relatively long and three
normal B—H bond lengths, which distinguish the donor—
acceptor complex involving BH; and H,. This moiety evolves
molecular hydrogen in the subsequent reaction. Notably, the
OH™ byproduct from eq 3 is hydrated by four H,O molecules
in the final state, as shown in Figure S7 in the Supporting
Information (only two solvent H,O molecules are shown in the
bottom panel of Figure 1 for clarity). This agrees with reports
that OH(H,O); is the most stable structure of OH™ in aqueous
solution,***3!

The next reaction step had BH; effectively undergoing an
S\2 reaction to release H, and form a BH;(OH,) complex.

BH, + H,0 — BH,(OH,) + H, 4)

o : . 77,128,129,132,1
BH; dissociation has been studied previously. F132133

Kreevoy and Hutchins proposed H,BH; — H, + BH; as the
pathway based on kinetic data for acidic aqueous BH}
hydrolysis.”” Willem investigated the two-step process BH; +
H* — BH; — BH; + H, via permutational analysis of
experimental data.'” Theoretical studies by Hoheisel and
Kutzelnigg'>* and Stanton et al.'>* considered dissociation of
gas-phase BH; to BH; and H,, but solvation effects were not
considered. Pepperberg et al. also modeled BH;(OH,) as a
product of BHj dissociation in a gas-phase molecular orbital
study.'”® Because of the relatively limited computational
resources available at the time, these early theoretical studies
had to use very small basis sets known to provide unreliable
energetics. Our AIMD calculations at 300 K indicate that BH;
is highly reactive in aqueous solution and rapidly binds with
H,O to generate BH;(OH,) within 1 ps. The minimum-energy
pathway for eq 4 is shown in Figure S8 of the Supporting
Information; the energy barrier is 0.42 eV, while the overall
reaction is exothermic by 0.56 eV. The structures of initial,
transition, and final states are shown in Figure 2. At the
transition state, BH; dissociates into H, and planar BH;, which
is known to exist in the gaseous state.”” BH; then rapidly
combines with a H,O molecule to form BH;(OH,).

Reaction Group B. BH;(OH,) can subsequently react via at
least three different routes (Scheme 1). Previous studies on
acidic NaBH, hydrolysis have simplified the reaction to BH; +
3H,0 — 3H, + B(OH); by assuming intermediate steps were
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Initial State

Transition State

Final State

Figure 2. Structures of the initial, transition, and final states for the
S\2 reaction releasing H, from BH; (eq 4, see Supporting
Information, Figure S8 for the CVNEB profile).

fast.">* This has been considered a reasonable ap roximation
since no intermediates were readily observed.®””"”” However,
other studies described the reaction as occurring in a stepwise
fashion, depending on the pH of solution.”>”*”® To clarify
which pathways are more relevant, we first consider the
pathway involving proton abstraction by OH".

BH,(OH,) + OH™ — BH,;(OH)” + H,0 (5)

Note that the requisite OH™ anion was generated in the initial
reaction step, eq 3, making this process self-propagating. Our
CVNEB calculations indicate that the energy barrier for eq S is
very small, 0.03 eV, showing that this reaction is very fast. This
result can be interpreted to explain why BH;(OH,) in basic
solutions has been very challenging to observe. Our results
agree with the experimental work of Gardiner and Collat, who
proposed that BH;(OH)™ is energetically more stable than
BH;(OH,) based on ionic strength effects on reaction
rates.”””> On the other hand, the very small barrier found in
our calculations refutes the recent proposal of Andrieux et al.,,
that BH; + OH™ — BH;(OH)" is one of two rate-determining
steps for the acidic hydrolysis of NaBH, (the other being the
initiasl5 generation of H, from BH; + H;0" — BH; + H,0 +
H,).

After crossing an effectively insignificant barrier for
deprotonation, the reaction is downhill by 0.57 eV (Supporting

Information, Figure S9). Proton donation from BH;(OH,) to
OH™ may occur through proton shuttling involvin% a chain of
water molecules in a Grotthuss-like mechanism'> shown in
Figure 3 (see also the movie in the Supporting Information).

Initial State

Cemtm

RN

Final State

Figure 3. Structures of the initial and final states deprotonation of
BH;(OH,) (eq S, see Supporting Information, Figure S9 for CVNEB
profile). Protons in H,0O molecules participating in the reaction are
colored to highlight the proton-transfer process.

Owing to the low barrier, our NEB calculations found no
discernible transition state for this process. The initial state
identified from our calculations consisted of OH™ (identified by
the yellow H atom in Figure 3) located about three nearest
neighbors away from the BH,;(OH,). The H,O moiety in
BH,(OH,) (H atoms colored green) donates a proton into
solution, leading to multiple proton transfers (purple, light blue,
dark blue) to the OH™. Overall, our modeling captures a total
proton shuttling distance larger than 8 A, adding each leg of the
proton hop (i, not straight line beginning to ending
positions).

Continuing on from BH;OH~, we found two possible
pathways for producing H, from BH;(OH)™ and water through
the reaction

BH,(OH)” + H,0 — BH,(OH) + H, + OH"~ (6)

The first mechanism, which we label as mechanism (i), involves
a hydride on BH;(OH)™ reacting directly with a proton on
H,O to form H,, which is then released into solution. This H,
formation mechanism differs from that in eq 3, where the H,
here is released into solution rather than retained by the 3c-2e
donor—acceptor bond in BH;. The minimum-energy pathway
and structures of the initial, transition, and final states are
shown in Figure S10 (see the Supporting Information) and
Figure 4, respectively. The barrier for this process is 0.95 eV
from CVNEB calculations (Supporting Information, Figure
S10). The distance between the hydride on BH;OH™ and the
proton on the neighboring H,O begins at 1.71 A in the initial
state, changes to 0.80 A at the transition state, and then ends at
0.75 A in the final state (matching the gas phase H, bond
length calculated from our DFT method). As seen previously,
protons hop along a water chain as shown in Figure 4 (see also
the movie in the Supporting Information), culminating in OH~
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Initial State

Final State

Figure 4. Structures of the initial, transition, and final states for
hydrolysis of BH;(OH)~ by mechanism (i) (see eq 6, Supporting
Information, Figure S$10). Protons in H,O molecules participating in
the reaction are colored to highlight the proton-transfer process.

being produced about three nearest-neighbor water molecules
away from the BH,(OH) product.

We also observed another pathway, mechanism (ii), whereby
water autoionization first produces H;O", which subsequently
transfers a proton to BH;(OH)™ via proton shuttling, resulting
in an overall coupled proton-hydride reaction similar to
mechanism (i). The barrier for this process is higher (1.23
V) than that for mechanism (i). The reaction barrier is shown
in Figure S11 (see the Supporting Information) and the initial,
transition, and final state configurations are shown in Figure
S12 (see the Supporting Information). This process is
effectively a collection of the water autoionization,**~"*
proton hopping, and H, formation reaction steps. The reaction
pathway involves the formation of a solvated Zundel cation
(H;O,", Supporting Information, Figure S13), before the
transition state (see the corresponding movie in the Supporting
Information). More discussion is found in the Supporting
Information.

Di Pietro et al."** previously studied hydrolysis of BH; using
AIMD in the Blue Moon ensemble'*' as part of their approach
to investigating hydrolysis of diborane.'*’ Such simulations
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necessitate the specification of a reaction coordinate. In this
case, they specified the B—O distance as the reaction coordinate
and determined that BH; hydrolysis proceeded without a
significant barrier via a single reaction step: BH, + 2H,0 —
BH,(OH) + 2H, + OH™. We note that this reaction is
inconsistent with experimental findings®>”"”” and was never
observed in our unconstrained AIMD simulations. Our NEB
calculations indicate that the above reaction is actually the sum
of four elementary reaction steps given by eq 3 through 6.
Therefore, it is highly unlikely to occur. The incorrect barrier
observed by Di Pietro et al. is likely an artifact of using an
incorrect reaction coordinate, similarly to what was observed by
Mones and Csanyi for a much simpler reaction.'** This
illustrates both the danger of using constrained AIMD or
potential of mean force simulations without correct knowledge
of the reaction pathway, as well as the robustness of our
computational approach in eluding such problems.

We identified a pathway for production of H, directly from
BH;(OH,) through reductive elimination of H, to produce
BH,(OH).

BH,(OH,) — BH,(OH) + H, (7)

The transition state involves proton transfer from the —OH,
moiety to a hydride on the —BH; moiety. Once H, is formed, it
spontaneously departs into solution. The BH,(OH) product
shown in Figure S is the same three-coordinated planar
structure as the products for the two mechanisms identified for
eq 6. The barrier for this process is 1.44 eV (Supporting
Information, Figure S14), and Figure S shows the initial,
transition, and final states (see also the corresponding movie in
the Supporting Information).

Another reaction mechanism involves hydrolysis of
BH,(OH,) facilitated by a BH} ion:

BH,(OH,) + BH} + H,0

— BH;(OH)™ + BH,(OH,) + H, (8)

This reaction transforms BH;(OH,) to BH;(OH)~ and BH;/
H,O0 to BH;(OH,) in a single complex pathway with an energy
barrier of 1.31 eV (Supporting Information, Figure S15). This
reaction involves proton transfer across five H,O molecules,
including the one in BH;(OHS,), as shown in Figure 6 (see also
the corresponding movie in the Supporting Information).
Interestingly, after the BH;(OH,) reactant species releases a
proton to generate H, on the other B atom, a water molecule
simultaneously acts as a nucleophile in this process to allow H,
to be released via an S\2 reaction. The net reaction is the same
as the sum of the three reactions given by eqs 3—S5; the
calculated barriers for these individual reactions are 1.03, 0.42,
and 0.03 eV, respectively. However, the barrier for the
concerted process shown in eq 8 is 1.31 eV, which is
considerably higher than the highest barrier for any of the
three steps. A detailed microkinetic modeling of these reactions
would identify which pathway would be more favorable overall
at what concentrations, but such a study is beyond the scope of
this work.

We briefly summarize this collection of four mechanisms that
generate H, from BH;(OH,). The first two involve BH;(OH,)
undergoing a spontaneous deprotonation to form BH;(OH)™.
The key mechanisms are (1) H,O reacts with BH;(OH)~ to
form H, (barrier = 0.95 eV); (2) autoionization of H,O to form
H;0* (and OH"), followed by proton transfer from H;O* to
BH;(OH)~ to release H, (barrier = 1.23 eV); (3) direct H,
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Figure S. Structures of the initial, transition, and final states for the
intramolecular reconstruction of BH;(OH,) to BH,(OH) (eq 7 and
Supporting Information, Figure S14).

elimination from BH;(OH,) to form BH,(OH) (barrier = 1.44
eV); and (4) a concerted mechanism effectively carrying out
eqs 4 and S, but in the presence of another BH, molecule
(barrier = 1.31 eV). Notably, when H, forms in the presence of
an empty orbital on B, H, can remain bound to B until it
undergoes an Sy2 reaction with H,O. A similar design principle
could be employed to facilitate other chemical reaction
processes as well. Immediately after H, elimination, H,
spontaneously is released into solution. Process (3) is much
less energetically favorable than either solvent-assisted
processes (1) and (2), however.

Reaction Group C. We found two pathways that can form
H, from the planar BH,(OH) intermediate product. The first
pathway involves two reaction steps, and the first step involves
OH™ addition to BH,(OH) to form a tetrahedral complex:

BH,(OH) + OH™ — BH,(OH); ©)

The energy barrier for this reaction (Supporting Information,
Figure S16) is only 0.13 eV. When BH,(OH) is near a solvated
OH™ approximately two nearest-neighbor water molecules
away (local minimum, top panel in Figure 7), the H,O adjacent
to BH,(OH) can deprotonate, facilitating the net OH~
addition. This process involves the formation of a relatively
strong B—O bond, making this a highly exothermic step that is
energetically downhill by 0.74 eV (see the Supporting

Final State

Figure 6. Structures of the initial, transition, and final states for
reaction between BH;(OH,) and BH; (eq 8 and the Supporting
Information, Figure S15).

Information, Figure S16). Again, explicit solvation plays a
critical step in catalyzing this reaction process.

BH,(OH),” from eq 9 in turn can react with H,O to liberate
H, with a calculated barrier of 1.02 eV (Supporting
Information, Figure S16) according to

BH,(OH), + H,0 - BH(OH), + H, + OH" (10)

This reaction is exothermic by 0.45 eV and proceeds via a
proton plus hydride mechanism that directly releases H, as was
found for the process in eq 6. The hydroxyl ion product is
effectively transported away from the reaction center via a
Grotthuss-like mechanism shown in Figure 8. The similar
mechanisms for eqs 6 and 10 suggest that hydroxyborates
BH,_,(OH); (x = 1, 2) can react with H,O to produce H, and
three-coordinated planar BH;_(OH), (y = 1, 2) species.
Furthermore, we find that both BH,OH and BH(OH), are
transient species. In aqueous solvent, they would rapidly form
BH,0H-OH, and BH(OH),—OH, complexes. In basic
solutions they may instead combine with OH™ to form
hydroxyborate anions.

The second BH,(OH) hydrolysis pathway that we identified
begins with the (barrierless) formation of BH,(OH)(OH,)
from BH,(OH) and H,O. This is energetically preferable to
forming BH,(OH); from BH,(OH) and OH™. The tetrahedral
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Figure 7. Structures of the initial, transition, and final states for OH™
addition to BH,(OH) to form BH,(OH),” (eq 9 and Supporting
Information, Figure S16).
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Figure 8. Structures of the initial, transition, and final states in
hydrolysis of BH,(OH); to BH(OH), (eq 10 and Supporting
Information, Figure S16).

complex then undergoes a direct H, elimination to produce H,
and three-coordinate BH(OH), in a single step, rather than the
stepwise process of eqs 9 and 10.

BH,(OH)(OH,) — BH(OH), + H, (11)

The energy barrier for this step is 1.43 eV (see the Supporting
Information, Figure S18). Figure 9 illustrates the intramolecular

Figure 9. Structure of the initial, transition, and final states of H,
elimination from BH,(OH)(OH,) (eq 11 and Supporting Informa-
tion, Figure S17).

reconstruction process, where one H atom in the H,O moiety
is shared by both the B and O atoms at the transition state.
This is similar to the pathway identified for eq 7, illustrated in
Figure S. Although this reaction is a single-step pathway, we
believe that the two-step pathway given in eqs 9 and 10 would
typically be preferred at moderate temperatures with sufficient
concentrations of hydroxyl ions because the first step, eq 9,
should be very rapid and essentially irreversible.

Reaction Group D. The uncharged BH(OH), species may
combine with OH™ to produce BH(OH);~ as OH™ moves
toward BH(OH), through a proton-transfer mechanism similar
to the hydroxyl addition to BH,(OH) of eq 9 (Figure 7).

BH(OH), + OH™ — BH(OH); (12)

The energy barrier of this step (0.45 €V, see the Supporting
Information, Figure S19) is considerably larger than the barrier
for eq 9 (0.13 eV). Likewise, adding the second hydroxyl group
to the B atom (eq 9) is considerably more exothermic (—0.74
eV) compared to adding a third hydroxyl group (—0.15 eV).
The structures of initial, transition and final states are shown in
Figure 10. The hydroxyl group is separated by a solvation shell
from the BH(OH), molecule in the initial state (Figure 10).
OH™ attachment takes place through proton transfer from the
H,O closest to BH(OH),.

The uncharged BH(OH), species may also react with BH
to form BHj:

BH, + BH(OH), — BH, + BH(OH)O" (13)

This reaction’s barrier is 0.91 eV (see the Supporting
Information, Figure $20), which is lower than the barrier for
the reaction between H,O and BHj shown earlier in eq 3 (1.03
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Figure 10. Structure of the initial, transition, and final states for OH™
addition to BH(OH), to form BH(OH);~ (eq 12 and Supporting
Information, Figure S19).

eV, see the Supporting Information, Figure S6). Hence, eq 13
offers a competitive alternate pathway to eq 3. However, the
concentration of B(OH), is likely to be very low in solutions
containing OH", since the reaction consuming BH(OH), via
eq 12 has a low energy barrier. Moreover, the concentration of
the proton donor in eq 3, H,O, will dwarf the concentration of
the proton donor in eq 13, BH(OH),, so that we expect eq 3 to
normally be in play in aqueous solutions. The reaction pathway
for eq 13 is relatively simple and does not involve solvent
molecules participating in the reaction (see Figure 11 and the
corresponding movie in the Supporting Information).

The reaction mechanism between BH(OH);~ and H,O is
similar to the hydrolysis mechanisms for BH;(OH)~ and
BH,(OH),":

BH(OH); + H,0 — B(OH),0” + H, + H,0 (14)

The energy barrier along this pathway is 0.59 eV (see the
Supporting Information, Figure S21). The computed pathway
involves proton shuttling among four H,O molecules, as can be
seen from Figure 12. We note that the mechanism for
BH,(OH), " hydrolysis (Figure 8 and the corresponding movie
in the Supporting Information) also involves multiple H,O
molecules After the transition state, the hydride and a proton
on a nearby H,O combine to generate H, and OH™. The OH™

Final State

Figure 11. Structures of the initial, transition, and final states for
reaction between BH(OH), and BH; corresponding to the reaction in
eq 13.

in turn receives a proton from B(OH); to produce H,0O and
B(OH),0~. We have not identified a reaction mechanism for
hydrated BH(OH), to produce B(OH), + H, analogous to eq
11 for hydrated BH,(OH). Such a mechanism may exist, but
given the high barrier for eq 11 and the added steric hindrance
of BH(OH), compared with BH,(OH), we assume this would
be an energetically unfavorable pathway.

The final products will include mixtures of different borates
and metaborates, depending on the concentration and pH of
the solution. Our calculations show that B(OH), is metastable
in basic solutions and would react with OH™ to produce the
conjugate base B(OH),0” or the borate anion B(OH);
depending on the surrounding solvent structure. We have
also shown that B(OH),0~ and H,0O can combine to generate
B(OH);, which is more energetically favorable than either
[B(OH),0™ + H,0] or [B(OH); + OH™]. Our calculations
are consistent with the experimental observation that the main
product of NaBH, hydrolysis is NaB(OH),.>” The bottom of
Scheme 1 shows the conversion from B(OH); to B(OH),0™,
and B(OH);.

The energy barrier for reaction (a) (see Scheme 1) is 0.16
eV. The product state is 0.12 eV lower in energy than the
reactant state (Figure 13). Thus, H,O and B(OH),0~
formation is thermodynamically favorable and therefore
explains why eq 14 is not terminated with B(OH), + OH".
The energy barrier for reaction (b) is merely 0.1 eV, and the
products are 0.73 eV lower in energy than the reactants. Finally,
the energy barrier for reaction (c) is 0.37 eV and the product
B(OH); is 0.69 eV lower in energy than the reactant
[B(OH),0~ + H,0O]. Movies for these three reactions are
given in the Supporting Information.
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Figure 12. Structures of the initial, transition, and final states in
hydrolysis of BH(OH);~ to B(OH),0” (eq 14 and Supporting
Information, Figure S21).
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Figure 13. Density functional theory CVNEB calculations of the
minimum-energy pathways for reactions shown in Scheme 1. (a)
B(OH), + OH~ — B(OH),0~ + H,0; (b) B(OH), + OH™ —
B(OH);; (c) B(OH),0™ + H,0 — B(OH);. Note that the initial
states are each set to zero arbitrarily.

Bl CONCLUSION

We have used a combined approach of high-temperature AIMD
and NEB calculations to carry out an unbiased identification of
elementary reaction steps for uncatalyzed NaBH, hydrolysis
with no a priori assumptions about its mechanism. This has
enabled us to develop a comprehensive picture of aqueous
environment-mediated hydrogen transfers that are relevant for
broad classes of proton and/or hydride transfers. Reaction of
intermediate hydroxyborates BH,_,(OH); (x = 1, 2, 3) and

H,O were identified. The initial step in the hydrolysis proceeds
by proton transfer to BH; to form BHj, which subsequently
reacts to form BH; and H,. Importantly, this initial step is
fundamentally different from all following steps we have
identified in that none of the hydroxyborates form five-
coordinate species. Instead, most of the reactions with
hydroxyborates involve H, evolving as a result of direct
dihydrogen bond formation between the hydroxyborate and
water. These reactions also generate transiently stable three-
coordinated planar structures having the formula BH3_y(OH)y
y=0,1,2).

Most of the reaction pathways we have identified involve
extensive proton shuttling along water chains surrounding the
hydroxyborate. Our modeling shows these shuttling processes
span multiple water molecules extending outside of the first
solvation shell. The small size of our simulation cell prevents us
from observing longer range proton transport. However,
examination of size effects is outside the scope of this work.
For reactions that generate a product hydroxyl group, these
proton shuttling events act to virtually transport the OH~
group away from the other product species so that it forms a
hydrogen bond stabilized complex. These reactions involve
different numbers of water molecules and should be thought of
as representative of the classes of reactions that occur in
solution under reaction conditions. Indeed, by noting the
characters of the chemical bonds between atom centers
involved processes, one can see how these processes would
be relatable to diverse areas of chemistry.

The elementary reactions we have identified share a
commonality in that they require both protons and hydroxyl
ions to proceed to completion. For example, reactions given by
eqs 3, 6, 10, and 14 require protons, while reactions given by
eqs 5, 9, and 12 require OH™ anions. This explains the
inhibiting effect of basic solutions.

To the best of our knowledge, this is the most
comprehensive computational study to date on elementary
mechanisms for the hydrolysis of borohydride. Our unbiased
modeling unraveled numerous mechanisms and elucidated
which of them were promoted by acids, bases, and which
involve 3c-2e moieties analogous to those found in agostic
interactions with organometallic catalysts. We note that the
absolute barriers reported herein bring some uncertainty arising
from the accuracy of DFT, the choice of NEB methodology
used, and how comparable calculated barriers at 0 K are to
experimental observation (energy differences between barrier
heights should be considered to be reasonably accurate
though). Moreover, since the actual reaction involves
ensembles of pathways that would be accessible at each
reaction step due to solvent complexity, one should not place
too much emphasis on the actual value of any barriers
determined here. We expect these pathways to be similar for
hydrolysis of other borohydrides, since the cation was not
found to directly participate in any of the reaction mechanisms.
Furthermore, we have displayed that using AIMD in tandem
with NEB methods can be a powerful approach for modeling
complex chemical processes occurring in aqueous phase.
Finally, we note that the approach we use to identify complex
reaction pathways in condensed phase systems can be used in
conjunction with metadynamics to calculate free energies at
finite temperatures of each of the reactions. Our approach
would provide the insight needed to identify the correct set of
collective variables for accurate potential of mean force
calculations.
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