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Summary/Abstract

The central thrust of this integrated experimental and computational research program
was to obtain an atomistic-level understanding of the structural and dynamic factors
underlying the design of catalysts for water oxidation and selective reductant-free O,-
based transformations. The focus was on oxidatively robust polyoxometalate (POM)
complexes in which a catalytic active site interacts with proximal metal centers in a
synergistic manner. Thirty five publications in high-impact journals arose from this grant.

I. Developing an oxidatively and hydrolytically stable and fast water oxidation
catalyst (WOC), a central need in the production of green fuels using water as a
reductant, has proven particularly challenging. During this grant period we have designed
and investigated several carbon-free, molecular (homogenous), oxidatively and
hydrolytically  stable =~ WOCs, including the  RbgKy[{RusO4(OH)(H20)4}(y-
SiW10036)2]-25H,0 (1) and [Cos(H,0)2(a-PWo034)2]'"" (2) (Figure 1). Although complex
1 is fast, oxidatively and hydrolytically stable WOC, Ru is neither abundant nor
inexpensive. Therefore, development of a stable and fast carbon-free homogenous WOC,
based on earth-abundant elements became our highest priority. In 2010, we reported the
first such catalyst, complex 2. This complex is substantially faster than 1 and stable under
homogeneous conditions. Recently, we have extended our efforts and reported a V2-
analog of the complex 2, i.e. [Cos(H20)2(0-VWoO34)2]'" (3), which shows an even
greater stability and reactivity.

Figure 1. X-ray structures of the WOCs 1
and 2. Counter cations and Hydrogen
atoms are omitted for clarity. In 1,
highlighting the central [Rus(u-O)s(u-
OH),(H,0)4]*" core (Ru in blue, u-O in 1
red, and O(H,) in orange. In 2, in the

Co0406 core: Co in purple, O/OHy(terminal) in red; PO, in orange tetrahedra. The polytungstate
fragments are shown as gray polyhedra.

We succeeded in: (a) immobilizing catalysts 1 and 2 on the surface of various electrodes,
and (b) elucidating the mechanism of O, formation and release from complex 1, as well
as the MnsO4L¢ “cubane” cluster. We have shown that the direct O-O bond formation is
the most likely pathway for O, formation during water oxidation catalyzed by 1.

I1. Oxo transfer catalysts that contain two proximal and synergistically interacting redox
active metal centers in the active site form another part of considerable interest of our
grant because species with such sites [including methane monooxygenase (MMO) and
more] are some of the most effective oxygenase catalysts known. Our team conducted the
following research on y-M,-Keggin complexes: (a) investigated stability of the trimer
[{Fe3(OH)3(H20),}3(y-SiW10036)3]', 4, in water, and developed the chemistry and
catalysis of the di-iron centered POM, [y(1,2)-SiWo{Fe(OH)},03]", 5, in organic
solvents (Figure 2). We also study the thermodynamic and structural stability of y-Mo-
Keggin in aqueous media for different M’s (d-electron metals).



We have defined two structural classes of POMs with proximally bound d-electron metal
centers. We refer to these structural isomers of the {y-M>SiW o} family of POMs as “in-

pocket” and “out-of pocket”. We have elucidated the factors controlling the structure and
stability of the V, Fe, Ru, Tc, Mo and Rh derivatives of [(Si04)Ma(OH),W003,]" using a

Figure 2. X-ray structure of the
[{Fex(OH)3(H20)2}5(v-SiW 100361, 4,
polyanion (crystallized as the
K7[(CH3)2(NH2)]8 salt from HzO)

range of computational tools. We have: (a)
demonstrated that heteroatom X in these
polyanions may function as an “internal
switch” for defining the ground electronic
states and, consequently, the reactivity of
the y-M,-Keggin POM complexes; (b)
elucidated reactivity of divacant lacunary
species and polyperoxotungstates (PPTs),
(X" 04[WO(0,):]4}™, which could be degradation products of y-M,-Keggin complexes
in aqueous media; (c) elucidated the role of the POM ligand in stabilization of {Ru,} and
{(Ru-ox0),} fragments in the reactant and product of the reaction of {y-
[(X"04)Ruz(OH),W 10031} *™ (where X = Si*", P>" and S°") with O,, and (d) the
mechanisms of olefin epoxidation catalyzed by these di-d-transition metal substituted and
divacant lacunary y-M,-Keggin complexes.

III. Complementing the efforts presented above was the development of less time-
consuming but reasonably accurate computational methods allowing one to explore more
deeply large catalytic systems. We developed Reactive Force Field (ReaxFF) to study
interaction of the targeted POMs with water, proton and hydroxide ions in the liquid
phase. We tested our ReaxFF parameters on the Lindqvist POMs, MO19", where M =
Nb and Ta. These parameters are made available as part of the ReaxFF code.

In addition, we have developed parameters for Sc, Ti, Fe, Co and Ni in combination with
H, C, N, O, as well as the same metal (M-M) for the spin-polarized self-consistent-charge
density-functional tight-binding (DFTB) method. Test calculations showed that the
DFTB method with the present parameters in most cases reproduces structural properties
very well. These parameters are made available as part of the DFTB code.

Thus, this DOE BES funded research project has clarified several key areas impacting (a)
water oxidation and O-based hydrocarbon transformation, (b) stabilization of key
structures and catalytic intermediates in such processes, (¢) immobilization of molecular
catalysts on metal oxide surfaces, and (d) application of optimal computational methods
to study reaction dynamics in large systems.



Major achievements:

I. Molecular, carbon-free, stable and fast catalysts for water oxidation.

La. Our team has designed the first homogeneous (molecular) catalyst for H;O oxidation
that is free of oxidatively unstable organic structure of any kind. This complex,
RbsKs[ {RusO4(OH)2(H20)4} (y-SiW10036)2]-25H,0 (1), contains four Ru centers that
have reduction potentials in the exact range needed to oxidize H,O. We first
demonstrated that 1 (see Figure 1) can be reversibly oxidized and reduced by four
electrons (cyclic voltammograms in Figure 3), a critical prerequisite for the oxidation of
H,O0, i.e. eq 1, and then we have shown that 1 catalyzed eq 1 using strong oxidants (e.g.
“oxidizing equivalents” in eq 1 = [Ru(bpy)s]*", etc.)

2 H,0 + 4 [oxidizing equivalents] — O, + 4 H" + 4 [reducing equivalents] (1)

Achieving a stable molecular catalyst for H,O oxidation to O, would constitute a major
step forward. Solid state catalysts (i.e. surfaces) are known that are stable to the rigors of
sustained H,O oxidation, but until publication of our paper in 2008 there have been no
stable molecular catalysts for such processes. The reason for this is that organic ligands
are thermodynamically unstable to oxidative degradation, ultimately to H,O and CO,.
Molecular catalysts are intensely sought because these could be interfaced with almost
any type of photosensitizer system — Gritzel cell components, soluble H, evolution
species, modified biological (e.g. chloroplast) formulations and solid state devices. This
isn’t true for heterogeneous (i.e. insoluble and solid state) catalysts.
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We have studied the geometries and electronic

structures of the catalyst 1 in five different oxidation states: [ {RusO4(OH)(H20)4}(y-
SiW10036)2]'", 1(0), [ {RusO4(OH)2(H20)4} (y-SiW10036)2]", 1(+1),
[{Rus04(OH)2(H20)4} (y-SiW10036)2]",  1(+2),  [{RusO4(OH)o(H20)a} (y-SiW10036)] ",
1(+3), and [{RusO4(OH)2(H20)4} (y-SiW10036)2]>, 1(+4), using the density functional
theory. It was found that the several HOMOs and LUMOs of these complexes are
bonding and anti-bonding orbitals of the [RusO4(OH),(H,0)4]°" core, and the first four
one-electron oxidations of 1(0), leading to formation of 1(+1), 1(+2), 1(+3) and 1(+4),
respectively, involve only {RusO4} core orbitals. In other words, catalyst instability due
to ligand oxidation in the widely studied “blue dimer”, [(bpy)2(O)Ru"-(u-O)-
Ru"(0)(bpy)2]*", is not operable for 1: the latter all-inorganic catalyst is predicted to be
stable under water oxidation turnover conditions. The calculated HOMOs and LUMOs of
1 are very close in energy and exhibit a “quasi-continuum” or “nanoparticle-type”



electronic structure similar to that of nano-sized transition metal clusters. This conclusion
closely correlates with the experimentally reported oxidation and reduction features of 1.

We elucidated the mechanisms of water oxidation by 1. For this purpose, initially we
studied proton-coupled-electron-transfer processes by calculating the structures of
[{Rus04(OH)2(H20)4} (y-SiW10036)2])' ", 1, [{RusO4(OH)3(H20)3} (y-SiW19036)a]'", 1(-
H),  [{RwO4OH)s(H20)}(y-SiW10036)2]'",  1(-2H),  [{RusO4(OH)s(H0)}(y-
SiW10036)2]'", 1(-3H), and [{RusO4(OH)s} (y-SiW10036)2]'", 1(-4H).
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is sufficient for water oxidation by 1(+4). We elucidated the “direct O-O bond formation”
and “external-water-assisted” mechanisms of O, formation catalyzed by 1(+4) (see
Figure 4). It was found that the “direct O-O bond formation” mechanism proceeds via
16.9 kcal/mol rate determining barrier at the O-O formation transition state, while the
“external-water-assisted” mechanism requires 24.8 kcal/mol energy barrier (associated
with TS1(H;0-act)). Thus, the direct O-O bond formation is the most likely pathway for
O, formation during water oxidation catalyzed by 1.

We succeeded in immobilizing catalyst 1 on carbon-based supports, including those used
as electrode materials. The most stable electrode we have obtained thus far involves
functionalized multiwall carbon nanotubes adsorbed on the surface of either glassy
carbon or graphite electrodes. The modified graphite electrode was utilized in bulk water
electrolysis with a Pt wire as a cathode. Under minimally optimized conditions high
electron efficiency was achieved. Dihydrogen and dioxygen are formed in 2:1 ratio.
However, an increase in the applied potential results in the unwanted oxidation of
graphite. For that reason, we replaced graphite with an FTO (fluorine-doped tin oxide)
electrode coated with a thin layer of TiO,. We synthesized a phosphonated viologen
derivative and subsequently deposited it on this TiO,-FTO electrode. The presence of the
phosphonated viologen derivative on the electrode rendered this surface positively
charged and thus able to strongly and rapidly bind the negatively charged POMs.



The reaction of catalyst 1 with alcohols also was studied in an attempt to develop a
catalyst for selective oxidation of alcohols by ambient air. This reaction results in two-
electron reduction of 1(0) and the stoichiometric formation of ketones (or aldehydes).
Kinetically, the reaction proceeds in two steps: a moderately fast one-electron reduction
of 1(0) to 1(+1) followed by a second very slow one-electron reduction of POM. The
reaction product, the 2-electron-reduced complex, 1(+2), is not efficiently re-oxidized by
0,.

Lb.  Multi-Co-oxo cluster systems: Cos-based soluble, stable and fast WOCs. The
RusO4-based catalyst 1 is fast, oxidatively and hydrolytically stable, but Ru is neither
abundant nor inexpensive and thus very likely prohibitive for use on a realistic scale.
Therefore, development of a stable and fast carbon-free homogenous WOC, based on
earth-abundant elements would be of great interest. In 2010, we reported the first such
catalyst. This complex, [Cos(H20)2(0-PWoO34)2]'", (2, called as Co4P2), has a Co4016
core stabilized by oxidatively resistant polytungstate ligands (Figure 1). This catalyst is
free of carbon-based ligands (thus oxidatively stable) and it self assembles in water from
salts of earth abundant elements (Co, W and P). With [Ru(bpy)s]’" (bpy = 2,2’-
bilpyridine) as an oxidant, we observe catalytic turnover frequencies for O, production > 5
s atpH 8.

Complex 2 is substantially faster water oxidation catalyst than 1. The pH dependence of
the rate of O, evolution by 2 reflects the pH dependence of the 4-electron HO/O, couple.
Extensive spectroscopic, electrochemical, and inhibition studies firmly indicate that 2 is
stable under catalytic turnover conditions: neither hydrated cobalt ions nor cobalt
hydroxide/oxide particles form in situ. However, at pH 8 in phosphate buffer it forms a
cobalt-oxide (CoOy) film on the surface of glassy carbon electrode if a high positive
potential is applied. We have shown that under homogeneous conditions the complex, 2,
itself, is the true catalyst and not the products of its decomposition.

Computational studies of the electronic structure of 2 provide additional support for the
oxidative stability of the polytungstate ligands. The four top HOMO’s of a high-spin
ground state of 2 are mostly cobalt core orbitals, and there is almost no involvement of
tungstate orbitals. These findings indicate that the polytungstate ligands are unlikely to
participate in the water oxidation reaction and should be effectively inert under catalytic
conditions.

Just recently, we have developed and are in the process of reporting a new molecular
water oxidation catalyst, Na;o[Co4(H20)2(VW90Os34)2], (3, called as Co4V2), that is
structurally analogous to 2 but appears to be more hydrolytically stable under basic
conditions and shows much higher catalytic activity than 2 [see Hill, C. L.; Musaev, D.
G. and coworkers, J. Am. Chem. Soc., 2014, 136, 9268-9271].

During this grant period, we also have reported several other multi-Co catalysts such as
Co48Si2 and Co9-POM. However, all these systems have showed much lower catalytic
activity compared to our CoP2 and Co4V2 catalysts.

I.c.  Insights into the mechanism of O, formation and release from the MnsO4Ls
“cubane” cluster. In order to probe photoinduced water oxidation catalyzed by the
MnsO4L¢ cubane clusters, we have computationally studied the mechanism and the
controlling factors of O, formation from the [Mn4O4L¢]-containing catalyst, 6 (Figure 5).



It was demonstrated that photolytic dissociation of an L™ = H,PO, ligand from 6
significantly shortens the O'-O' distance in a Mn4O4-core and facilitates formation of the
0'-0" bond. The O-O bond formation
starts from the resulting cationic complex
[MnsO4Ls]", I, and proceeds with a 28.3
(33.4) kcal/mol rate-determining energy
barrier at TS1. This step of the reaction is a
2-electron oxidation/reduction  process,
during which two oxo ligands are
transformed into a u*n>-0,” unit, and two
(“distal”) Mn centers are reduced from the
4+ to the 3+ oxidation state. Next two-
electron oxidation/reduction occurs by
“dancing” of the O,” fragment between the
Mn' and Mn*/Mn* -centers but maintaining
its strong coordination to the Mn'-center. Figure 5. Schematic presentation of the
Thus, as a result of this 4-electron mechanism of O, formation and release from
oxidation-reduction process, the Mn- Mn4O4L; “cubane” cluster.

centers of the Mny-core of I transform

from {Mn'(IID)-Mn" (II))-Mn*(IV)-

Mn® (IV)} to {Mn'(II)-Mn" (II)-Mn*(II1)-Mn* (II1)} in VI. In other words, upon O,
formation in cationic complex [Mn4O4Ls]", I, each Mn-center of I is reduced by one
electron. The overall reaction I — VI + O; is found to be exothermic by 15.4 (10.5)
kcal/mol. We conducted careful analysis of the lowest spin states, as well as geometries
of all reactants, intermediates, transition states and products of the overall reaction.

kl VI "open butterfly"

II. POM systems with two adjacent d-electron transition metals as a catalyst for
selective reductant-free O,-based transformations.

The development of catalysts for the selective (non-radical-chain), reductant-free O,-
based oxidation of organic substrates remains one of the most sought goals in chemistry.
Very few molecules or materials exhibit this ability; radical-chain processes
(autoxidations) still dominate industrial and nearly all other reactions based on O, or air.

We began investigations on the di-iron centered POM, [y(1,2)-SiWo{Fe(OH)},035]%, 5,
since it was one member of a possibly large family of synthetically accessible POM
complexes containing two proximal redox-active d-metal centers in the active site, a
feature seen in many other effective biological and synthetic catalysts, and not just the
intensely investigated enzymes MMO and RNR. We have defined two structural classes
of POMs, A and B in Figure 6. As seen from this figure, in structure A, the M centers are
surrounded by POM oxygens, directly interact with the red internal oxygens, Oy, we refer
to this structure as “in-pocket” (the Fe centers reside in a pocket of the multidentate POM
ligand). In structure B, the Fe-Ox bonds are broken and replaced by Fe bonds to terminal.
As a result the Fe centers in Figure 6B move away from the body of the POM and hence
the description “out-of-pocket”.



We successfully determined that a combination of K™ and dimethyl ammonium cation
facilitated crystallization of “5” from H,O. This was a significant because H,O is the
optimally desirable
solvent  for  many
homogeneous catalytic
oxidations. To our
surprise, the structure of
the y(1,2)-SiW10Fe2
POM was not the in-
pocket 5 but rather a
trimeric polyanion of
formula
[{Fe3(OH)3(H20)2}3(y-
SiW0036)3]" 4)
constituted by three out-
of-pocket v(1,2)-
SiWoFe, units (Figure
2).

Figure 6. Two known structural forms of the polyanion with
adjacent interacting d-electron centers (“M” in blue; M = Fe'"),
the y-disubstituted Keggin POM. A: the in-pocket form -- blue M
Importantly, ‘however, centers are bonded to the oxygen, Oy (red) on the central
we have established that  peteroatom (yellow; Si in this case). B: The out-of-pocket form -
the form of y(1,2)- - blue M centers not bonded to O,.

SiWoFe, isolable from

H,0, namely the trimer

4, does catalyze selective O,-based oxidations of organic compounds. This complex is a
pre-catalyst for the oxidation of sulfur compounds, and possibly several other classes of
complexes.

Treatment of this catalytically inactive
aqueous solution of 5 with Rb’
facilitates isolation, crystallization and
characterization of a hydroxy-bridged
dimer, Rbqi[{(B-
SiF€2W10037(OH)(H20)}Q(M-OH)], a
POM in which the initial y-Fe, Keggin
units have rearranged to $-Fe, Keggin
units (X-ray structure in Figure 7).
This finding leads to two substantive
implications for POM-based catalytic
systems: (1) the proximal arrangement
of d-electron centers seen in the y-  Figure 7. X-ray structure of Rby; salt of [{(f-
XW 1o POM structures is important for ~ SiFe;W0037(OH)- (H0)}>(u-OH)]'" the POM
catalysis (other isomers including the B resulting‘ from rearr.angement of the trimer, 4, in
isomer with adjacent Fe centers in the H,0 during catalysis.

complex at right, are less catalytically

active or inactive); and (2) the B isomer of the Keggin structure is more stable




thermodynamically, at least in H,O and protic media, than the y isomer, a finding
consistent with previous experimental and computational studies.

We validated the use of density functional methods to study di-d-electron metal-
substituted y-Keggin POM anions. For this purpose we evaluated the geometrical and
electronic structures of [y(1,2)-SiWo{Mn(OH)},03]", and the divacant lacunary
silicodecatungstate, y-[SiW10036]". This approach was shown to adequately describe the
geometries of these classes of species.

The validated computational approaches were employed to elucidate the electronic and
geometrical structures of the di-transition metal substituted y-Keggin POMs with the
formula [y-X""(M"2(OH),)(Mgwm)10036]™", where Mgy = Mo and W; X = AI", Si'V, PY
and S"'; and M = Mn, Fe, Mo, Ru and Rh. Our objectives were to elucidate roles of
chemical composition (X, M and Mgpw) of structurally and catalytically attractive
polytungstates and polymolybdates on their geometries, electronic structures, and
magnetic properties.

We also study structure and reactivity of the lacunary POM, [y-SiW0034(H,0),]". It
was found that this complex catalyzes selective epoxidation of alkenes using H,O, as the
oxidant. Utilizing these new data, a mechanism for H,O,-based epoxidation of olefins
catalyzed by the lacunary polyoxometalate (POM) [y-SiW10036H4]" was defined for the
first time. We demonstrate that a proximal counter cation significantly reduces the rate-
limiting barrier and is key to making this di-lacunary silicotungstate a very efficient
catalyst for the epoxidation of olefins by hydrogen peroxide.

The mechanisms of olefin epoxidation by hydrogen peroxide catalyzed by [y-1,2-
H,SiVoW10040] ", 7 were studied using the density functional (B3LYP) approach. The
roles of solvent and the counter cation are taken into account. It was shown that the
formation of the vanadium-hydroperoxo species with a {OV-(u-OOH)(u-OH)-VO}(H,0)
core from 7 and H,O; is a very facile process. From this intermediate, reaction proceeds
via two distinct pathways: “hydroperoxo” and “peroxo”. We predicted that the [y-1,2-
H,SiV,W 9040] “-catalyzed olefin epoxidation by H,O, most likely occurs via a “water-
assisted peroxo” pathway. bridging

B 0 ' Oh'
terminal 0, terminal
t

W also elucitated the mechanism of the ethylene
epoxidation by {H,Si04[WO(02)2]2}*
polyperoxytungstate (PPT, see Figure 8).

It was shown that the reaction

{HZSiO4[WO(Oz)2]z}2'.+ CoHy >
{IW(0)(02)][H28104][WO(02)2] ;= + OC,Hy Figure 8. Schematic presentation

(2) of the polyperoxytugstate (PPT)
and its possible reactive peroxo
is a very facile process, occurs with an energy barrier  ligands

of only 12-17 kcal/mol, and is highly exothermic.



Interestingly, an O-atom transfer from the “bridging” peroxo ligand to olefin occurs with
a few (2-3) kcal/mol lower barrier than that from the “terminal” peroxo ligand.
Regeneration of the catalyst by hydrogen peroxide (H,0,), i. e. the reaction:

{IW(0)2(0)][H2Si04][WO(02)2] }* + Ha0; — {H;SiOWO(O2)2]}* + H,0 (3)

is a multi-step process and occurs with a rate-determining barrier of 13-20 kcal/mol
corresponding to the H-atom transfer from the coordinated hydrogen peroxide to one of
the oxo ligands to form {{WO(OH)(OOH)(0,)][H2Si04][WO(0,),]}*. In the next stage,
this intermediate undergoes several transformations and produces the final products
{H,Si04[WO(01)2]2}* + H,0 via H-atom transfer from OOH group to OH with a barrier
of only 4-6 kcal/mol. This process is found to be almost thermoneutral.

We investigated the role of the heteroatom (X = Si"", PV, and S*") on the reactivity of {y-
[(H,0)Ru™(u-OH),Ru™ (H,0)][X™ W 10036]} ™" with the O, molecule. It was shown that
the nature of X only slightly affects the reactivity of these complexes with O,. The
overall reaction (2) proceeds with moderate energy barriers for all studied X’s and is
exothermic.

ITI. Computational method development.

Complementing the efforts presented above was the development of less time-consuming
but reasonably accurate computational methods allowing one to explore more deeply
large catalytic systems.

Parameters have been developed for five first-row transition metal elements (Sc, Ti, Fe,
Co and No) in combination with H, C, N, O, as well as the same metal (M-M) for the
spin-polarized self-consistent-charge density-functional tight-binding (DFTB) method.
Test results show that the DFTB method with the present parameters in most cases
reproduces structural properties very well, but the bond energies and the relative energies
of different spin states only qualitatively compare to the most accurate results. These
parameters are made available as part

of the DFTB code. B .
M
113 : LR} ,'_/O\_ |\
We also developed “reactive” force _c’_ e -
fields (ReaxFF) parameters for OI
several Lindqvist POM’s (see Figure &

9). MOy ¥ MOy HI™ MOy H, 1

In order to validate of our ReaxFF Figure 9. Three “canonical” structures of
parameters, we calculated structures of ~ [M¢O1H,]*"", where x =0, 1,2; and M = Nb, Ta
[HMO16] %™ (where x = 0, 1 and 2,

and M = Nb and Ta) as well as their numerous isomers of [MsO1o(H,0)]" at the ReaxFF
and B3LYP/{LanL2DZ + [6-31+G(d,p)o. u]} level of theory. Comparison of these data
clearly shows that the overall structure, bonding character, i.e., single vs. double bond
difference, as well as thermodynamic properties of these Lindqvist ions are reproduced
reasonably well by ReaxFF. These parameters are made available as part of the ReaxFF
code.



After establishing that ReaxFF is capable of describing the basic features of
[HXM6019](8'X) (where x =0, 1 and 2, and M = Nb and Ta), our next step was modeling of
solvation dynamics of these POMs. Molecular dynamics simulations (MD) run at ~150K
for 10 ps, following an initial geometry relaxation, show small fluctuations of a rigid
metal cage, which is characteristic of low temperature dynamics.
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