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We analyzed the mechanisms of the water—gas-shift reaction catalyzed by Fe(CO)s/OH™ in the gas phase using
DFT methods. The systematic analysis of the accessible reaction mechanisms and the consideration of the Gibbs
free energies allows for different reaction routes than previously suggested. In the dominant catalytic cycle, the
hydride [FeH(CO)4]- is the important intermediate. Associative reaction mechanisms are not favorable under moderate
and low pressures. At high pressure, a side reaction takes over and prevents the conversion of H.O and CO to

H, and CO, and leads to the formation of HCOOH.

Introduction

The water—gas-shift (WGS) reaction is an important
reaction coupled to the Friedel—Craft process and H,
production according to'*

C,H,, ., +nH,0=nCO+ (2n+ 1)H, (1
CO +H,0=CO0,+H, 2)

Several groups investigated the WGS reaction catalyzed
by homogeneous catalysts because the AGas®, AH295°, and
AS»9s° values of eq 2 are —4.76 kcal, 0.68 kcal, and 18.3
cal/deg and —6.82 kcal, —9.84 kcal, and —10.1 cal/deg with
water being present as a liquid and with all species being
present as gas, respectively.”?”® The most suitable catalysts
appeared to be transition metal complexes in organic solvent
(e.g., methanol), in basic or acidic conditions. Among the
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catalysts for this reaction, iron pentacarbonyl, albeit not the
most active catalyst, was selected to extensively analyze the
WGS reaction mechanisms experimentally>®~'? and theo-
retically.'*'* However, a comprehensive and systematic
theoretical analysis of the reaction is still missing. The
reaction pathways that have been explored using theoretical
chemistry methods are indicated in Scheme 1. Several other
reaction mechanisms are possible and have not been analyzed
so far.

Torrent at al.'* precisely followed the reaction mechanisms
as they have been experimentally suggested (Scheme 1a).'?
In the catalytic cycle in Scheme la, [FeH(CO)4]™ is
experimentally observed: this intermediate is the master stone
upon which the entire cycle is constructed, and the other
intermediates are not experimentally observed. However, the
OH™ desorption from the iron complex is very energy
demanding (AH = 308 kJ/mol in the gas phase) and makes
Scheme 1a rather unlikely. We will consider an alternative
to this catalytic cycle in which OH™ desorption is not
required.
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Scheme 1. Suggested Reaction Mechanisms in the WGS Reaction'>'*
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Barrows'* considered exclusively associative reaction
mechanisms with a catalytic cycle where OH™ desorption is
not required (Scheme 1b). In this catalytic cycle, [Fe-
H(CO)4]™ is however not present. The Gibbs free energies
of the intermediates and transition structures were not
considered, although they are important to predict whether
the reaction mechanisms are kinetically favored.

We systematically analyze the gas phase mechanisms of
the WGS reaction in basic conditions, including some that
have not been considered so far. We have calculated the
Gibbs free energies of all structures: the calculations reveal
that a different catalytic cycle than those previously proposed
is dominant.

Models and Methods

The use of density functional theory (DFT) hybrid methods such
as B3LYP'> or RPBE'® to describe iron—carbonyl complexes
properties was found to give realistic results.'”’~2? In the present
study, the intermediates and transition structures are analyzed with
B3LYP and a triple-{ plus polarization basis set on all atoms
(TZVP)** employing Gaussian 98 package.?* In addition, to pave
the way to an analysis of the solvent effect on the reaction, the
structures are described with plane wave basis set using the CPMD
package.”® The RPBE functional with an energy cutoff of 120 Ry
are chosen for these calculations. The B3LYP structures are used
as guess for the RPBE structures calculations. All intermediates
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and transition structures are characterized by frequency calculations
within the rigid-rotor harmonic approximation. We verity that there
are none or only one imaginary frequency of vibration for
intermediate or transition structure, respectively. Evaluation of the
Gibbs free energies, enthalpies, energies corrected from the zero
point vibrational energy (Ezp), and reaction rates is done using the
standard formalism and equations.?® Further details concerning the
choice of DFT methods and other calculation parameters can be
found in the Supporting Information.

Results and Discussion

First, we describe step-by-step the different reaction
mechanisms that are possible. We then consider what would
be the viable catalytic cycle based on the analysis of the
Gibbs free energies of the different intermediates and
transition structures. The effect of the pressure on these
values is also analyzed.

The details of the structures that are analyzed are reported
in Figure 1. The reaction pathways can be seen in the reaction
energy diagrams in Figure 2. The Ezp and Gibbs free energies
under standard conditions of pressure and temperature are
also given in Figure 2.

The adsorption of OH™ to Fe(CO)s (1) is strongly
exothermic with a standard enthalpy of —323 kJ/mol and
leads to [Fe(CO),COOH]~ (2). B3LYP/TZVP appears to
overestimate this adsorption energy: this overestimation
stems from TZVP basis set as can be seen in the Supporting
Information (Tables S3 and S4). It occurs when OH™ adsorbs
to Fe(CO)s; consecutive energies relative to this compound
are basically unchanged regardless of the basis set (Table
S6, Supporting Information). It is thus justified to proceed
at TZVP level of theory. After 2 is formed, two paths can
be followed: CO, can be released, which leads to [Fe-
H(CO)4]~ (3), or 2 and CO react together, which leads to
[Fe(CO),CHO]™ (4) and CO,. The Ezp difference between
these two structures is small, but the Gibbs free energy
difference is 37 kJ/mol more favorable for 3 + CO + H,O
+ CO,, at standard pressure and temperature. Is this
thermodynamically stable product also the kinetic product?
TS 2/4a is the transition structure that connects 2 + CO to
4 + COy. Its Ezp is 92 kJ/mol with respect to 2 + CO. TS
2/3 connects 2 to 3 and CO; and has a Ezp 30 kJ/mol higher
than that of TS 2/4a. However, the rates of the conversion
of 2 to 3 and 4 are given by

ryy = ky5(2] (3)
and
yga = ky 4y 2][CO] 4)

respectively, with

AG"") ©)

ke =T eXp(_ RT
where AG,, is the Gibbs free energy between the respective
transition structure y and intermediate x (Figure 2) and [2]
and [CO] are the concentrations (or pressures in the gas
phase) of 2 and CO, respectively. Hence, the ratio between
the rates of formation of 3 and 4 is
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I3 _ ky 3
Tyga Ky golCOI

The ratio between ky—3 and ky—4, 1s ~130 under standard
conditions. Therefore, the rate of the conversion of 2 into 3
is large in comparison with the rate of the formation of 4
through TS 2/4a, unless the concentration of CO is very
large. We will consider the effect of the pressure on the Gibbs
free energies in a following paragraph.

(6)

Ts 2/4a
1256i

Ts 3/5 Ts 5/6
1080: 169i

Let us first consider the reaction pathways that are
accessible from 4 + H,O + CO, which is an important
intermediate in the catalytic cycle proposed by Barrows
(Scheme 1b). Intermediate 4 can decompose to 3 and CO
(TS 3/4a), which is the product obtained from 2 + CO +
H,O through TS 2/3 + CO + H,O0, or it can react with H,O
following two distinct mechanisms to lead to 2 and H, (TS
2/4b) or to 3 and HCOOH (TS 3/4b). The formation of

1455i

Ts 2/6
186i

Figure 1. (a) Geometry details of the intermediates in the gas-phase WGS by Fe(CO)s/OH™ (in pm). (b) Geometry details and imaginary mode values of
the transition structures in the gas-phase WGS by Fe(CO)s/OH™ (in pm and cm™!).
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Figure 2. (a) Ezp and (b) Gibbs free energy at 298 K and 1 bar reaction diagrams of the gas-phase WGS by Fe(CO)s/OH™ (in kJ/mol).

formic acid is not surprising: homogeneous transition metal
complex catalysts are known catalysts in the conversion of
CO; and H, to HCOOH.?” When the Gibbs free energies of
the transition structures T'S 2/4b and TS 3/4b are considered,
the conversion of 4 and H,O into 3 and HCOOH is the fastest
and is ~2140 larger than the rate of the conversion of 4 and
H,O into 2 and CO; and H,. TS 2/4b and TS 3/4b are the
two transition structures that allow the reaction to proceed
forward here. The reaction through TS 3/4a proceeds
backward to 3 + CO + H,O + CO.. This transition structure
has a lower Gibbs free energy under standard conditions than
that of TS 2/4b and TS 3/4b. Hence, even if the pathway
through TS 2/4a from 2 + CO dominates over the pathway
through TS 2/3, the intermediate 3 will become dominant
because of the pathway through TS 3/4a.

Formic acid can react with 3 through TS 3/3 and
transforms into H, and CO,. The energy of the transition
structure is 123 kJ/mol with respect to 3 + HCOOH.

Now, we come back to intermediate 3 + CO + H,O +
CO; because it is the kinetic and thermodynamic product
that is reached from 2 + CO + H,O. As described before,
OH™ adsorbs to Fe(CO)s to form [Fe(CO),COOH]~ complex
(2), which decomposes into [FeH(CO)4]~ (3) and CO,
through TS 2/3. This reaction pathway is experimentally

8638 Inorganic Chemistry, Vol. 47, No. 19, 2008

suggested to take place because of the observation of iron
hydrides.®'? Intermediate 3 can react with water. However,
the transition structure of this reaction has not been analyzed
so far. Torrent et al.'® theoretically analyzed the reaction
sequence from such iron hydride complex. They based their
investigations only on the experimentally suggested pathway
(Scheme 1a). Unfortunately, the experimental suggestion is
somewhat controversial: it is proposed that [FeH(CO)4]™
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Figure 3. Catalytic cycle in the gas-phase WGS by Fe(CO)s/OH™.
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Figure 4. Dominant high-pressure catalytic cycle in the conversion of CO
and H,O by Fe(CO)s/OH™.

reacts with H,O, which leads to FeH,(CO), and OH™. The
desorption of OH™ from the iron complex is energetically
demanding with theoretical and experimental reaction ener-
gies of 308'* and 301'* kJ/mol, respectively. Hence, we
consider a reaction mechanism that allows the conversion
of [FeH(CO),4]~ and H,O without OH™~ desorption from the
iron complex and investigate the transition structure that links
intermediate 3 and H,O to [FeH,(CO);COOH]~ (5). The
transition structure TS 3/5 is obtained: it has relatively lower
zero point corrected and Gibbs free energies (168 and 208
kJ/mol with respect to 3 + H,O, respectively) than those of
TS 2/4b (193 and 235 kJ/mol with respect to 4 + H,O,
respectively) and TS 3/4b (176 and 216 kJ/mol with respect
to 3 + CO + H,O, respectively). TS 3/5 has lower relative
zero point corrected and Gibbs free energies than TS 3/4a.
Intermediate 5 has rather high energy, but its structure
evolves quickly through desorption of H, (TS 5/6) and
adsorption of CO (TS 2/6) to lead to [Fe(CO);COOH]~ (2).
As shown in Figure 2, the energies of the intermediates 5
and 6 + H; are relatively high (82 and 105 kJ/mol with
respect to 3 + H,O, respectively), but they remain modest
when compared to the reaction energy of ~300 kJ/mol that
is required in the formation of FeH,CO4 and OH™. Further-
more, the barriers in the conversion of 5 to 6 + H, and 6 +
CO to 2 are very small, and the rates of the conversion of
those intermediates into 2 and H, and CO, are large. Indeed,
the Gibbs free energy barrier for TS 5/6 is 38 kJ/mol with
respect to 5 at 298 K and 1 bar. It is 66 kJ/mol for TS 2/6
with respect to 6 + CO under the same conditions.

We analyzed the charge distribution in the intermediate
and transition state structures, using Mulliken and natural
bond charge definitions (Figure S1 in the Supporting
Information). The charge analysis confirms that the reaction
mechanisms evolve through hydride activation. It can also
be observed that the H, group of 5 is neutral, forming a true
adsorbed hydrogen molecule that is ready for desorption. This
is largely confirmed by the geometry analysis of the systems.
The H—H distance in S is 84 pm, not much greater that the
distance of 74 pm in H,. The H—Fe distance of 163 pm in

5 is stretched from the 154 pm distance in 3, indicating less
H—Fe bonding.

When the reaction mechanisms in the WGS reaction
by Fe(CO)s/OH™ are extensively explored, the experi-
mentally proposed reaction cycle would seem to be
unrealistic because of its very high energy requirement
(Scheme 1a).'> A reaction mechanism following the
sequence 2 — 4 — 2'%# is reasonable, but the Gibbs free
energies and, hence, reaction rates need to be considered
because many other reaction pathways are possible. When
this is done, it appears that this sequence is not the one
showing the lowest Gibbs free energies and that the
catalytic cycle as shown in Figure 3 is the dominant one
at standard temperature and pressure.

For a different pressure, P, the Gibbs free energies for
any structure can be estimated using

AGygs p=RT(N, N, .)In(P/P°) (7

truct

where AGaogs p is the Gibbs free energy change with respect
to 1 + CO + H,O + OH™~ when pressure goes from P° to
P, Nyt and Nyr are the number of molecular fragments in
the considered structure and 1 + CO + H,O + OH™ (i.e.,
Nyer = 4), respectively. This allows us to analyze the effect
of the pressure on the Gibbs free energies and hence on the
reaction rates and selectivities between the different reaction
routes.

The different intermediates and transition structures in the
catalytic cycle in Figure 3 display the largest number of
molecular fragments compared to the other possible catalytic
cycles (Figure 2 and Scheme 1). Hence, the proposed reaction
pathway becomes even more favorable when the pressure is
lower than P°. In this catalytic cycle, the dominant species,
based on the energies and reaction rates of the elementary
reaction steps, is [FeH(CO)4]~ (3) as experimentally ob-
served.

A different catalytic cycle emerges when pressure is high:
trivially, high pressure favors associative reaction mecha-
nisms, such as the one proposed by Barrows (Scheme 1b),
because this leads to a negative (Nsmuet — Nref) term. However,
a different catalytic cycle appears to become predominant
at high pressure when all Gibbs free energies of intermediates
and transition structure are considered. In this catalytic cycle,
the initiation goes through 1 + OH™ to 2 followed by the
conversion of 2 + CO into 4 + CO,, and the cycle loops
between 3 and 4 and converts CO and H>O into HCOOH
(Figure 4). The formation of HCOOH is thermodynamically
favorable at high pressure in gas phase. At low pressure, we
have seen that HCOOH dissociates into H, and CO, through
TS 3/3. The experimentally observed iron hydride [Fe-
H(CO),]~ (3) is part of this cycle. Inoue et al.*’ actually
suggested reaction mechanisms that need the presence of
organometallic hydrides in their study of catalysts for the
CO, and H» conversion to HCOOH.

Finally, we tested the sensitivity of these results with
respect to the DFT method and report the results of the
energies for the intermediates and transition structures in
Table 1. RPBE energies are lower than B3LYP, with the
exception of the intermediates 5 and 6 and transition
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Table 1. Zero Point Corrected and Gibbs Free Energy Differences for
the Intermediates and Transition Structures Using Different Methods®

structure AEzp AAG® structure AEzp AAG®

2 + CO + H,O 0 0 TS23+CO+HO —-33 —34
3+ CO + H,0+ CO, —15 —22 TS 2/4a + H,0O —24 24
4 + H,O + CO, —24 =25 TS 2/4b + CO, -29 =27
2+ CO, + Hy —14 —14 TS 3/4a + H,O + CO, —56 —56
3 + HCOOH + CO, —16 —23 TS 3/4b + CO, =34 =30
5+ CO + CO, 3 0 TS 3/5+ CO + CO, -1 —4
3+ 2CO, + H, —29 —36 TS 2/3+ CO,+ H, —47 —48
6 + CO + H, + CO, -1 —4 TS 3/3 + CO, -2 5

TS 5/6 + CO + CO, 16 14

TS 2/6 + CO, + H, 15 20

“In kJ/mol. The differences are between the RPBE and B3LYP/TZVP
values obtained with CPMD and Gaussian 98, respectively.

structures TS 3/3, TS 3/5, TS 2/6, and TS 5/6. However, the
relative ordering of the zero point corrected and Gibbs free
energies is not changed for the intermediates and transition
structures for RPBE compared to B3LYP. Hence, the
catalytic cycles in Figures 3 and 4 are still the dominant ones
at low and high pressures, respectively, albeit the rates of
reaction are different. BALYP and RPBE methods appears
equally suited to obtain the qualitative description of the
selectivity in the reaction mechanism network of the WGS
reaction. Further details concerning the effect on the energies
when employing a different DFT method can be found in
the Supporting Information.

We have analyzed the reaction mechanisms in the gas
phase; however this reaction also commonly takes place in
the condensed phase. The liquid phase has an energy
stabilization effect on the dissociated ion pair intermediates
and transition structures.”® For instance, Amovilli et al.?®
have estimated that the reaction energy of FeH(CO),~ + H,O
= FeH,(CO), + OH™ (Scheme 1a) is ~200 kJ.mol~! smaller
in water solution than in the gas phase, where this reaction
is very demanding with AH = 308 kJ/mol.'> However, this
stabilization will be smaller in less polar liquids, like
methanol, usually used as solvent for the WGS reaction.
Furthermore, the stabilization energy by solvent has no
reason to be the same on the different intermediates and

(28) Amovilli, C.; Floris, F. M.; Sola, M.; Tomasi, J. Organometallics 2001,
20, 1310-1316.
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transition structures along the reaction pathways. Hence, only
the calculation and comparison of the rates of all possible
reaction pathways described here in explicit solvents can
unambiguously suggest which reaction pathways should be
favorable in condensed phase.

Conclusions

We analyzed the reaction mechanisms of the WGS reaction
by Fe(CO)s/OH™ in the gas phase using different DFT
methods. B3LYP and RPBE similarly suggest the same
reaction routes. The Gibbs free energies of the intermediates
and transition structures were taken into account to compare
the possible routes for the WGS reaction. We have shown
the importance of considering Gibbs free energy for studying
reaction mechanisms. In the newly proposed dominant
catalytic cycles, the hydride [FeH(CO).]~ is the important
intermediate. The experimentally suggested reaction route,
which involves the Fe(CO), intermediate, is not realistic
because of its high energy requirement. We analyzed also
the variations of the Gibbs free energies as a function of
pressure. Associative reaction mechanisms as previously
suggested are not favorable under moderate and low pres-
sures. At high pressure, a side reaction not leading to the
conversion of H,O and CO to H, and CO, becomes
predominant. This reaction leads to the formation of formic
acid. Such reaction has indeed been experimentally observed
and is also activated by hydride organometallic complex.?’
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