
 1 

Computational exploration of NO single-site 
disproportionation on Fe-MOF-5 
Jesús Jover,a,b* Carl K. Brozek,c Mircea Dincăd and Núria Lópezb  
a Secció de Química Inorgànica, Departament de Química Inorgànica i Orgànica and Institut de Química Teòrica i Com-
putacional (IQTC-UB), Universitat de Barcelona, Martí i Franquès 1-11, 08028 Barcelona, Spain. b Institute of Chemical 
Research of Catalonia, ICIQ, the Barcelona Institute of Science and Technology, BIST, Av. Països Catalans 16, 43007 Tar-
ragona, Spain. c Department of Chemistry and Biochemistry, University of Oregon, Eugene, Oregon 97403, United States. d 
Department of Chemistry, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, Massachusetts 
02139, United States.  

ABSTRACT: Nitric oxide disproportionation at the site-isolated Fe centers of the metal organic framework material known as Fe-
MOF-5 has been explored with density functional theory (DFT). The computed reaction sequence supports the mechanism suggest-
ed by experiment that involves the formation of the monoanionic hyponitrite radical. The validity of the computed reaction mecha-
nism is bolstered by impressive agreement between computed and experimental vibrational spectroscopic evidence of each reaction 
step. Similarly the analogous MnII-MOF-5 system indicates that the disproportionation of NO should proceed smoothly with this 
single-site material. These results, observed also for some homogeneous Mn(II) catalysts, indicate that heterogeneous Mn-based 
materials could be employed as efficient biological and industrial catalytic systems in NO disproportionation processes. 

INTRODUCTION 
Nitric oxide (NO) is one of the key intermediates formed in 

the denitrification processes of the global nitrogen cycle. In 
this natural cycle nitrogen is converted into different chemical 
species as it circulates through atmospheric, marine, and ter-
restrial ecosystems. The generation and decomposition of NO 
features prominently in diverse processes ranging from im-
mune response to neurotransmission to blood pressure con-
trol.1 The chemistry underlying these processes typically in-
volves electron transfer between NO and transition metal cen-
ters.2-3 Some of these redox reactions occur at the active sites 
of metalloenzymes such as nitric oxide (NOR) and flavodiiron 
protein (FDP) reductases.4-9 Among these biological transfor-
mations, disproportionation of NO is particularly appealing 
because NO is one of the key components of NxOy species that 
pollute the atmosphere.10 Reproducing NO disproportionation 
in synthetic systems for widespread deployment on an indus-
trial scale for deNOx catalysis has been a longstanding chal-
lenge.11-12 Fundamental research toward this goal has focused 
on using molecular transition metal-containing complexes to 
disproportionate NO into NO2

- and N2O or N2 as a way to 
glean the precise structural and electronic factors key to max-
imizing catalytic activity in large-scale practical systems. Thus 
far, transition metals reported to participate in NO dispropor-
tionation include Fe,13-16 Mn,17-20 Ni,21-22 Cu,23-28 Ru,29 Rh30 
and Pd.31 As molecular species these examples react under 
homogeneous conditions, whereas ideal deNOx catalysts 
should perform under heterogeneous conditions, in which the 
catalytic species would have improved activity, stability, and 
reusability. Very recently, crystalline materials have been tar-
geted as single-site heterogeneous catalysts that take ad-
vantage of the specific steric and electronic advantages of 

molecular homogeneous systems.32-36 In 2015, the first single-
site heterogeneous material to promote disproportionation of 
NO into N2O and NO2

- was reported. It was based on an 
Fe(II)-exchanged variant of the ionic material known MOF-5, 
termed Fe-MOF-5. The reaction (Scheme 1) proceeded over 
the course of minutes under NO atmosphere at room tempera-
ture, and could be monitored in situ by infrared spectroscopy, 
with each observed intermediate easily isolated for characteri-
zation by complementary techniques.15 

 
Scheme 1. NO disproportionation reaction, including the pro-
posed mechanism and plausible species in the Fe-MOF-5 cata-
lyzed NO disproportionation. Adapted with permission from J. 
Am. Chem. Soc. 2015, 137, 7495-7501. Copyright (2015) 
American Chemical Society. 
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Scheme 2. Computed reaction pathway for the Fe-MOF-5 catalyzed NO disproportionation. Energies are given in eV, the number 
of unpaired electrons of each species is given between parentheses. Color code of the Fe core: C = gray, N = blue, O = red, Fe = 
purple, Zn = green; atoms represented as balls correspond to those actively participating in the reaction steps. 

The suite of experimental data supported the proposal of a 
reaction mechanism that proceeds through an unusual 
monoanionic hyponitrite radical (N2O2

•–). Although this spe-
cies has been invoked in a variety of biological and industrial 
transformations, it had never been stabilized indefinitely for 
further characterization.37-38 Most plausible reaction mecha-
nisms of NO disproportion involve the formation of a hyponi-
trite species, but whereas one route could involve spontaneous 
conversion of N2O2

– to N2O and a metal oxo, the evidence 
suggested an alternative route involving attack of NO at the 
N2O2

– to form N3O3
– that then released N2O, leaving behind 

Fe–NO2. The present computational work is focused on ex-
ploring the full reaction mechanism of NO disproportionation 
promoted by Fe-MOF-5, including the Fe-bound NxOy species 
not observed by vibrational spectroscopy. We proceed by de-
termining the most favorable reaction sequence and then com-
paring calculated spectroscopic features to experiment. To 
expand the applicability of these results, we explore the ability 
of other MOF-5 variants including divalent cations such as 
Mn(II) and Co(II) for activity towards disproportionation of 
NO. 

 

RESULTS AND DISCUSSION 
Computed reaction mechanism 
The computed reaction sequence for the NO disproportiona-

tion on Fe-MOF-5 is shown in Scheme 2.  Fe-MOF-5 is a de-
rivative of the parent compound MOF-5 that can be prepared 
via post-synthetic partial ion metathesis of 25% of Zn with 
Fe.39 The starting matrix MOF-5 shows a cubic crystal struc-
ture with [Zn4O(BDC)3]8 stoichiometry (BDC = 1,4-
benzenedicarboxylate). In this structure, corners are built up of 
zinc oxide tetrahedral units, [Zn4O]6+, connected to each other 
by BDC ligands. The reaction pathway shown in Scheme 2 
includes most of the structures proposed in the original exper-
imental report and allows the rationalization of a great number 
of the experimental observations (vide infra). The reaction 
starts by the coordination of a NO molecule to the high-spin 
iron(II) center in Fe-MOF-5 (intermediate I).  
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Scheme 3. Possible isomeric species of compounds IV (top) 
and VII (bottom): energies are given in eV and the number of 
unpaired electrons of each species is given between brackets. 

 There are two different possibilities for this process to take 
place, NO could bind either onto an axial or an equatorial po-
sition. The latter is slightly more favored, with an overall en-
ergy gain of 0.35 eV. Thus, in intermediate II the Fe atom 
displays a square pyramid structure in which the incoming NO 
lies cis to the central oxo group of the MOF core. The Fe–NO 
distance in this intermediate is as short as 1.83 Å and the Fe–
N–O angle is 148.0°, quite far from a linear arrangement. The-
se parameters agree with the expected one-electron transfer 
between iron and the incoming nitric oxide molecule, and 
therefore intermediate II should be classified as a FeIII–NO- 
species.40 The addition of a second NO produces the dinitrosyl 
intermediate III, which is slightly higher in energy than the 
previous intermediate. In this case the iron center adopts an 
octahedral arrangement in which the incoming nitric oxide 
occupies the free axial coordination site. The Fe–NO distances 
in this structure are 2.10 and 2.00 Å, for the axial and equato-
rial NO groups, respectively. This seems to indicate that the 
coordination of the second NO ligand entails a certain degree 
of electron density transfer from the iron, which in turn pro-
duces the elongation of the previously formed Fe–NO bond. 
The reduction of the equatorial Fe–N–O angle to 135.4° seems 
also to support this fact. Overall, species III seems to have a 
delocalized unpaired electron between the iron(III) center and 
both NO groups. Once III has been obtained the reaction pro-
ceeds by the formation of the hyponitrite species; this step 
involves the coupling of both coordinated nitrogen atoms and, 
presumably, happens through transition state TS_I. In this 
transition state the axial NO slightly slips from the metal to 
come close to the equatorial NO group. The final configura-
tion shows that the Fe–Nax distance increases from 2.10 to 
2.98 Å while the N–N distance shortens to 1.96 Å. The Fe–Neq 
distance in this species is 1.94 Å, slightly shorter than that 
found in the previous intermediate. The energy requirement 
for this stage is 0.69 eV, and the overall barrier up to this point 
is 0.79 eV. Other alternative transition states were sought e.g. 
the triangular –Fe–N–N– species in which both N atoms re-
main attached to the iron center; but those showed higher en-
ergy requirements and were consequently discarded. After the 
N–N bond formation an equatorial N-bound hyponitrite spe-
cies is obtained (IVN, Scheme 3, top); nevertheless, this com-
pound easily evolves into the η1-terminal O-bound hyponitrite 
(IV), which is more stable by 0.12 eV. The Fe–O distance in 
IV is 1.98 Å, while the N–N distance is 1.28 Å. This value is 

slightly longer than that found in dianionic ONNO2- species in 
which the double N=N bond is found between 1.20 and 1.25 
Å.41 In contrast, in IVN the Fe–N distance is 2.07 Å while the 
N–N distance is as long as 1.73 Å, much closer to that found 
in a single bond.41 A third option consists of the formation of 
the 5-membered ring intermediate IVC (Scheme 3, top), ena-
bled by the chelating ability of the hyponitrite substituent. 
Although the computed energy for this compound seems com-
petitive, this possibility can be ruled out based on several ob-
servations. First of all, the direct formation of IVC entails a 
cyclic transition state in which both O atoms are connected to 
the iron atom while the N–N bond is formed. The intermediate 
previous to this transition state, where both NO units are 
bound onto the iron center through the oxygen atoms, is higher 
in energy than TS_I and consequently this pathway should be 
ruled out. Alternatively the Fe-ONNO- species (IVC) could be 
formed by isomerization of the hyponitrite in compound IV. 
This process would imply a rearrangement of the ONNO moi-
ety from trans to cis, which is blocked by the double bond 
nature of the N=N unit. A hypothetical transition state for this 
process was computed with the O–N–N–O dihedral angle 
fixed at 90°, and the relative energy value found for such spe-
cies was as high as 0.91 eV, producing a much higher energy 
barrier of 1.26 eV.  

After IV has been formed, the third NO substrate binds to 
the iron, occupying the free axial position and forming inter-
mediate V. In this case the Fe–NOax distance is 2.30 Å while 
the Fe–ONNOeq distance slightly increases to 2.07 Å. The 
coordination of the NO moiety onto IV is energetically fa-
vored, and intermediate V is the most stable species (-0.52 eV) 
along the reaction pathway prior to the formation of the dis-
proportionation products. Those species are obtained by the 
reaction between the coordinated hyponitrite and nitric oxide 
as shown in TS_II (Scheme 2). In order to react, the hyponi-
trite moiety rotates to coordinate to the iron center through one 
of the nitrogen atoms; this process takes the opposite terminal 
oxygen atom close to the axial NO group, where the attack 
takes place. In the transition state the Fe–Neq, Fe–Nax and ON–
ONNO distances are 2.07, 2.25 and 1.92 Å, respectively, 
while the distance of the breaking N–O bond slightly length-
ens (1.33 Å vs. 1.23 Å in intermediate V). This apparently 
complicated process requires only 0.54 eV to occur. Again, 
other possibilities were taken into consideration as alternatives 
to this transition state but none of them were compatible with 
getting to the final products. Once TS_II has been overcome 
NO2

- and N2O are formed, the system greatly stabilizes in en-
ergy (intermediate VI). N2O is very weakly bound, the Fe–
ON2 distance is quite long (3.04 Å), and thus it can be easily 
released without a remarkable change in the energy. The liber-
ation of N2O produces the high-spin FeIII–NO2 species as the 
final product of the reaction (VII). In this intermediate, the 
NO2 substituent migrates to the energetically more favored 
equatorial position and the Fe–NO2 distance becomes 2.13 Å. 
Alternatively, the chelating FeIII-nitrito (VIIO, Scheme 3, bot-
tom) compound could be obtained; this intermediate is, how-
ever, higher in energy than the nitro isomer and is probably 
not formed under the reaction conditions. Finally, it has to be 
noted that the recovery of the initial Fe-MOF-5 catalyst from 
species VII should be possible with a relatively low energy 
investment of 0.52 eV; nevertheless, this possibility was not 
addressed in the experimental report.  
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Scheme 4. Proposed reaction pathways from intermediate IV. 
Black line = pathway in Scheme 2; blue line = formation of 
iron-oxo intermediate (energies in eV). 

In the original NO disproportionation with Fe-MOF-5 report 
the authors propose the reaction is promoted by a mononuclear 
Fe(II) species, as shown here. Other alternatives could involve 
the participation of Zn centers to produce Zn-NO or Fe/Zn-
NxOy chelating species. While a complete exploration of these 
pathways has not been performed, some of these Zn-active 
species have been computed and found to produce higher en-
ergies than those shown in Scheme 2. In the same line, the –
potentially– reversible terephthalate partial dissociation, pre-
viously described in similar MOF systems,42-44 was taken into 
account. However, the calculations indicate this process would 
not be energetically competitive with the proposed catalytic 
cycle and thus this possibility was finally discarded. As stated 
above, IV might undergo an alternative conversion of the 
bound hyponitrite into N2O and an iron(III)-oxo species. This 
pathway has been computationally explored (Scheme 4) and, 
based only on the computed energies it could not be discarded. 
Expelling N2O from IV requires 0.65 eV (TS_O), which does 
not seem a large enough barrier to prevent this process, espe-
cially because the formation of the Fe(III)-oxo compound (VO) 
is thermodynamically favored. Nevertheless, in the presence 
of excess NO the reaction should happen preferentially by the 
pathway described above and, in that case, the barrier for pro-
ducing VO from V would rise to 0.86 eV. The addition of NO 
to VO –if formed– automatically produces the final Fe–NO2 
(VII); all the attempts to compute a new species with an oxo 
group and nitric oxide on the iron center at the same time have 
ended up delivering this elimination product. 

 
Connection between experiments and calculations 
A vast amount of experimental data is available in the origi-

nal report on the disproportionation reaction of NO with Fe-
MOF-5.15 A great deal of these data are focused on identifying 
the species produced during the reaction and, after an exten-
sive analysis the reaction was postulated to proceed through 
the sequence shown in Scheme 1, where B should be the iron 

nitrosyl {FeNO}7 adduct, C is a η1-terminal iron(III) hyponi-
trite species (FeIII-ONNO) and D corresponds to an N-bound 
Fe(III) nitro species. In this section the experimental results 
are combined with the DFT study in order to assess the com-
puted reaction mechanism. In order to do this, the available 
experimental data will be compared to parameters directly 
obtained from the proposed species along the reaction pathway 
i.e. DRIFTS vs. computed IR spectra, and EXAFS (Figure S1) 
vs. computed structural features. A summary of the compara-
ble experimental and calculated data of the proposed interme-
diates formed along the reaction can be found in Table 1. 

The starting Fe-MOF-5 species (A) can be easily identified 
as I. A was characterized as a species containing isolated high-
spin Fe(II) centers; the calculations indicate that the S=2 fer-
rous material is almost 1.5 eV lower in energy that the corre-
sponding low-spin S=0 analog. This should not be surprising 
because all the first row transition metals in a tetrahedral coor-
dination environment present a small d-orbital splitting. 

Species B is a bit harder to determine. In the experimental 
report this compound was assigned to be an iron nitrosyl 
{FeNO}7 adduct; however, computationally this species could 
be either the nitrosyl (II) or dinitrosyl (III) derivatives. The 
computed energies of these species are quite close and thus 
they could be considered to coexist under the reaction condi-
tions. The experimental DRIFTS for species B shows the ν(N–

O) broad band centered at 1793 cm-1 with a small shoulder at 
lower wavenumbers (ca. 1760 cm-1). The computed IR spec-
trum of II shows only one band close to that region (1778 cm-

1) but compound III displays two close bands, one medium 
band at 1714 and a strong band at 1793 cm-1, corresponding to 
the coupled symmetric and asymmetric ν(N–O) vibrational 
modes of the NO groups, respectively. The overlap of those 
signals, which probably suffer some broadening, could pro-
duce the finally observed spectrum of species B. 

Identification of C would probably be the most difficult one 
to undertake in this study; however, the outstanding experi-
mental characterization allows the assignment of C as the 
FeIII-ONNO species. This statement can be confirmed through 
the calculation of the different hyponitrite species shown 
above. The EXAFS experiment rules out the possibility of the 
chelating FeIII(-ONNO-) hyponitrite (IVC) to be species C 
because the iron center in this compound should have a coor-
dination number of 5, and the distance between the metal and 
the fifth substituent should be close to 1.98 Å. Obviously, 
these requirements cannot be met by the chelating hyponitrite 
and thus the search is reduced to the other two options: the O– 
or N–bound η1-hyponitrite isomers, i.e. the computed species 
IV and IVN. The calculations above state that IVN is formed in 
the first place during the reaction but it should end up evolving 
into IV, which is energetically more stable by 0.12 eV. These 
energy values are quite similar and thus other criteria should 
be employed to computationally ascertain the nature of C. The 
Fe–O distance found in IVN is 2.07 Å while in compound IV 
is found to be 1.98 Å, a perfect match to the distance deter-
mined by EXAFS. In addition, the IR spectrum of IV resem-
bles that obtained in the DRIFTS experiment.  

 
 
 
 



 5 

Table 1. Summary of experimental and calculated data.  

 Experimental data Calculated data  

Species 
DRIFTS bands 

(cm-1) 
EXAFS 

Fe–(NxOy) (Å) 
IR bands 

(cm-1) 
Computed 

Fe–(NxOy) (Å) 
Assignment 

B ν(N–O) 1793 - 
ν(N–O)  1778 1.83 Fe(NO) (II) 

ν(N–O)a 1793 

ν(N–O)s 1714 
2.00(eq)2.10(ax) Fe(NO)2 (III) 

C 
ν(N–N) 1178 
ν(N–O) 868 

1.98 
ν(N–N) 1111 
ν(N–O) 1012 

1.98 Fe-ONNO (IV) 

D 
ν(N–O) 1220 
δ(O–N–O) 797 

2.08 
ν(N–O)s 1246 
δ(O–N–O) 758 

2.13 Fe-NO2 (VII) 

For this compound four IR bands related to the hyponitrite 
substituent are found at 1453, 1111, 1012, and 690 cm-1. The 
first, hidden in the DRIFTS spectra by the MOF vibrations, 
and the third bands correspond to the terminal and Fe-bound 
ν(N–O) vibrations, respectively. The band found at 1111 cm-1 is 
related to the ν(N–N) motion and, finally, the lowest energy 
band, which shows a very low absorption intensity, corre-
sponds to a δ(ONNO) wagging normal mode. The presence of the 
band at 1111 cm-1 seems to confirm intermediate IV as the 
experimental species C. On the other hand, the computed band 
at 1012 cm-1 shows a quite large shift towards higher energies 
for the Fe-bound ν(N–O) vibrational mode when compared to the 
experimental DRIFTS. The computed IR spectra found for the 
other possible isomers of C shows different features that do 
not comply with those observed in the experiments. For in-
stance, compound IVN shows 3 main bands related to the hy-
ponitrite vibrations at 1606, 1563, and 701 cm-1; these bands, 
especially the second one, are quite strong and correspond to 
the ν(N–O)a , ν(N–O)s and ν(N–N) vibrations, respectively. The IR 
spectrum for this species lacks of the band observed experi-
mentally at 1178 cm-1 and hence, species IVN can safely be 
discarded. The chelating hyponitrite species IVC shows 3 hy-
ponitrite-related IR stretching bands: ν(N–N), ν(N–Oax) and ν(N–Oeq) 
at 1505, 965, and 775 cm-1, respectively. Again, this interme-
diate does not show any signal near the DRIFTS band at 1178 
cm-1 and, consequently, should be discarded. 

EXAFS and Mössbauer (Figure S2) measurements indicate 
that species D is a high-spin pentacoordinated FeIII–NO2 spe-
cies. The calculations of the plausible Fe-NO2 (VII) and Fe-
ONO- (VIIO) species indicate the species D has to be assigned 
to VII because it complies with all the experimental evidenc-
es. VII is lower in energy than VIIO, which also shows a 
wrong coordination number of 6. In VII, the Fe–N distance is 
slightly longer than that obtained in the experiments: 2.13 and 
2.08 Å, respectively. In the case of VIIO both Fe–O distances 
present larger values of 2.17 (equatorial) and 2.20 (axial) Å, 
respectively. The computed IR spectrum of VII also serves to 
confirm the identity of this intermediate and the nitrite ν(N–O)a, 
ν(N–O)s and δ(O–N–O) bands appear at 1416, 1246 and 758 cm-1. 
While the vibrations of the MOF lattice obscure the first one, 
the other two are pretty close to those obtained in the DRIFTS 
study (1220 and 797 cm-1). In the case of species VIIO the IR 
spectrum shows the following bands: ν(N–O)a 1230, ν(N–O)s 1139 
and δ(O–N–O) 836 cm-1; the second of which does not appear in 
the experiments although it should be observed based on the 
computed intensity.  

The calculation of the IR spectra of the intermediates along 
the reaction allows the building of a simulated DRIFTS spec-
trum, which can be compared to that obtained in the original 
experiments (Figure 1). In order to build the computed 
DRIFTS only species II, IV, and VII have been taken into 
account since they have been identified as those observed in 
the experiments (see the Computational details section for a 
description of this procedure). The experimental and simulated 
spectra are quite similar; at first, they both show the ν(N–O) 
stretching of intermediate B/II at around 1790 cm-1. This sig-
nal decays as the formation of the hyponitrite intermediate 
proceeds (C/IV) and the main ν(N–N) band of this compound 
rises at around 1100 cm-1; this value is slightly lower than that 
found in experiments, where the band is centered at around 
1180 cm-1. When the third NO reacts with the hyponitrite in-
termediate the ν(N–O) and δ(O–N–O) bands of compound D/VII 
appear close to 1250 and 760 cm-1 while the signal of the for-
mer intermediate recedes to finally disappear. Of course, the 
agreement between experiments and calculations is not perfect 
and some discrepancies can be found. Some of them are due to 
the inherent differences between the experimental and com-
puted systems; for instance, the bands obtained for the com-
puted structures IV and VII around 1400-1500 cm-1 are not 
observed in the experimental DRIFTS because of the strong 
phenyl C–C absorption bands. A similar effect is observed in 
the ν(C–O) bands of the carboxylate groups, where the experi-
mental signals appear at higher wavenumbers for the experi-
mental study (1600-1700 cm-1) when compared to the smaller 
computed system (1550-1600 cm-1). Additionally, in the com-
puted spectra the experimental band at 785 cm-1, correspond-
ing to the formation of C/IV cannot be observed, probably 
because the computed intensity is too low. Finally, in the ex-
perimental spectra there is a band assigned to compound 
D/VII located at 1000 cm-1 that cannot be interpreted with the 
calculations because the only computed signal to appear in 
that region corresponds to the ν(N–O) signal of compound C/IV, 
which displays a very poor intensity. 
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Figure 1. Experimental (top) and simulated (bottom) DRIFTS 
spectra of Fe-MOF-5 in the presence of NO. Spectra begin with 
species B/II (blue), which transforms into C/IV (red) and into 
D/VII (gold). The computed bands of Fe-MOF-5 are shown in 
gray. The experimental DRIFTS spectrum adapted with permis-
sion from J. Am. Chem. Soc. 2015, 137, 7495-7501. Copyright 
(2015) American Chemical Society. 

 
Finally, the experimental data indicates that the rate con-

stant of the disproportionation reaction, which is carried out at 
room temperature, should be lower than 0.01 s-1 for the rate-
determining step. This value, when translated to an energy 
value by means of the Eyring-Polanyi equation, affords a min-
imum activation barrier of 0.87 eV. The computed energy 
barrier for the overall reaction, which corresponds to the ener-
gy difference between intermediate II and TS_I, is 0.79 eV, 
slightly lower but still close to the minimum value inferred 
from the experimental data. 

 
Extension to other MII-doped MOF-5 systems 
Once the exploration of the NO disproportionation reaction 

with Fe-MOF-5 has been completed, the computed mechanism 
has been extended, carrying out the same set of calculations, to 
other transition metal-doped MOF-5 analogues. At first, two 
more metals were taken into consideration: Mn(II) and Co(II); 
and thus the reaction sequence shown in Scheme 2 was com-
puted for both of them. There are experimental reports, most 
of those involving mononuclear manganese species,17-20 show-
ing that manganese should be able to engage in the NO dis-

proportionation; on the other hand, cobalt has not been report-
ed before to participate in such process. Additionally, Mn-
MOF-5 has been already prepared and employed in catalytic 
reactions,39,45 and thus it should be possible to test experimen-
tally in case the computed results are encouraging. Unfortu-
nately, the DFT study of the Co-MOF-5 system could not be 
achieved because many times it was not possible to find a 
stable electronic/geometric solution i.e. optimizations often 
ended up in dissociated species; consequently, the cobalt-
doped system was finally discarded. In contrast, the Mn-MOF-
5 platform provides much robust electronic state solutions and 
the calculations indicate that the disproportionation of NO 
should be possible with this catalyst. The computed energies 
for the Mn-MOF-5 system are shown in Scheme 5 along with 
those obtained for Fe-MOF-5. The computed magnetization 
values and the Bader charges for Mn and the NxOy fragments 
can be found in Table S2. As may be observed, the potential 
energy profile for Mn(II) shows the same trend as that ob-
tained for Fe(II), although in the case of the former the binding 
of the first two NO molecules is less favored i.e. the formation 
of intermediates II and III in the Mn-MOF-5 system require a 
small investment of energy. Nevertheless, the transition state 
leading to the hyponitrite intermediate with Mn is not very 
demanding, and thus the barrier to furnish the N–N bond, 
computed as the energy difference between Mn-MOF-5 + 
2NO and TS_I, is 0.70 eV, in contrast with the 0.79 eV com-
puted for Fe-MOF-5. In this case, the most stable hyponitrite 
species corresponds to intermediate IVN, with an overall com-
puted energy of -0.45 eV and a Mn–N distance of 2.22 Å. The 
terminal Mn-ONNO (IV) compound is higher in energy (-0.14 
eV) while the chelating IVC intermediate is found at -0.36 eV. 
The formation of this latter compound, by rotating around the 
N–N bond should be plausible because the N–N distance in 
IVN (1.69 Å) seems closer to a single bond character. After the 
obtention of IVN the reaction proceeds by addition of the third 
NO substrate, which attaches onto the free axial position of 
manganese, while the hyponitrite remains connected to the 
metal through the N atom in an equatorial site (VN). In this 
case the Mn–Neq and Mn–Nax are very similar, 2.22 and 2.24 
Å, respectively. The formation of VN takes the energy slightly 
down to a relative value of -0.47 eV, which corresponds to the 
lowest energy value so far. This architecture has been also 
computed for the Fe-MOF-5 system and found to lie at a 
slightly higher energy value than intermediate V. Finally, the 
reaction between the Mn-bound NO and hyponitrite substitu-
ents affords N2O and the final MnIII–NO2 species (VII). This 
step requires 0.50 eV to occur, which is a very similar value to 
that found for the Fe-MOF-5 system, and states that the over-
all barrier of the disproportionation process corresponds to the 
formation of the hyponitrite intermediate with a value of 0.70 
eV. As in the case of Fe-MOF-5, the Mn-ONO- (VIIO) alter-
native nitrito species was also computed and found to be 
slightly higher in energy than the nitro isomer: -2.39 vs. -2.25 
eV for VII and VIIO, respectively. In conclusion, the DFT 
calculations on the NO disproportion promoted by Mn-MOF-5 
indicate that the reaction should be possible and probably fast-
er than with the Fe-MOF-5 analog. This mechanism should 
also be considered as a serious candidate to explain the NO 
disproportion promoted by flexible Mn homogeneous systems 
such as those reported by Lippard in the late 1990s.17 
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Scheme 5. Relative energy profiles for the Fe- and Mn-MOF-5 catalyzed NO disproportionation (M: Fe = black, Mn = red, ener-
gies in eV, unpaired electrons are given between brackets). 

 

CONCLUSIONS 
The reaction mechanism of the NO disproportionation on 

Fe-MOF-5 has been successfully characterized by computa-
tional means. The study allows the identification of the species 
formed along the reaction course, which are in very good 
agreement with those proposed in the original experimental 
report. The computed mechanism states that the reaction pro-
ceeds by the binding of two NO substrates onto the initial 
catalyst, the formation of a η1-ONNO hyponitrite intermedi-
ate, the subsequent coordination of a third NO substrate that 
reacts with the O-bound hyponitrite to produce N2O and an 
FeIII–NO2 bound species. The simulated IR spectra obtained 
from the computed geometries show a very good agreement 
with the bands observed during the experimental DRIFTS 
monitoring, confirming the identity of the species formed dur-
ing the reaction. The computed structural features and the ex-
perimental EXAFS data are also in very good agreement, 
which positively contributes in the identification of Fe-bound 
hyponitrite and N-nitrito species. 

Subsequently, the computed mechanism has been extended 
to explore whether other first-row divalent transition metals 
could be employed in Mn-MOF-5 systems to promote the NO 
disproportionation. The calculations involving Co(II) did not 
provide any useful information; on the other hand, the Mn-

MOF-5 catalyst should be able to disproportionate NO. The 
computed barrier found for this system is lower than that 
found for the original Fe-MOF-5 material, indicating that the 
manganese analog should produce a faster reaction rate even 
though its NO adsorption properties are slightly poorer. 

 Overall, the flexibility of the MOF system, combined with 
the ability of the transition metal to produce stable structures 
with different coordination numbers, seems to be the key for 
producing an NO disproportionation operative platform. This 
kind of chemical behavior could probably be extended to other 
low coordinate divalent iron and manganese flexible MOFs, 
which should be able to engage in similar NO abatement reac-
tions and hence open new research opportunities in deNOx 
chemistry. 

 

COMPUTATIONAL DETAILS 
All calculations have been carried at the DFT+U level as 

implemented in the VASP plane wave code, version 5.2.46-47 
The exchange-correlation functional developed by Perdew-
Burke-Ernzerhof (PBE),48 in combination with an effective U 
term (Ueff)49 of 3.5 for Fe and 3.0 eV Co and Mn, respectively, 
was employed in the calculations. These settings have been 
already reported to correctly reproduce important properties 
such as binding energies.50-52 Inner electrons were replaced by 
all-electron frozen cores PAW,53-54 whereas valence electrons 
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were expanded in plane waves with a cut-off energy of 450 
eV. Geometries were optimized at the Γ point until the force 
threshold of 0.015 eV/Å was reached. Long-range dispersion 
contributions to the energies were included via the Grimme 
DFT-D2 correction.55 Different spin states have been evaluat-
ed for most of the intermediates along the reaction pathways 
but only the most stable ones are shown along the main text; 
however, in practically all the cases the calculations show that 
the most stable compounds are those in which the metal stays 
in a high-spin configuration, regardless its coordination envi-
ronment. Transition states were located with the climbing im-
age nudged elastic band method and successively refined via 
standard procedures.56 Initially, an analogous DFT methodol-
ogy (PBE/PAW) was employed to model the reaction mecha-
nism; however, these settings were found to produce results 
that were in clear disagreement with the experimental data i.e. 
species such as Fe-NO2 (VII) were found to be more stable in 
their low spin form, while experimentally VII has been char-
acterized as a high spin N-bound nitrito compound. These 
errors can be related to the nature of the GGA functional em-
ployed, and we decided that using the DFT+U methodology 
could compensate this behavior. The U parameter was subse-
quently optimized by comparing the relative energies of the 
high spin Fe-NO2 (VII) and chelating Fe-ONO- (VIIO) species 
in calculations ranging from 3.0 to 5 eV in 0.5 eV steps. The 
relative energy of these intermediates switches when the U 
parameter increases i.e. at higher U values VIIO is favored 
while lower U values produce a more stable VII species. Since 
VII is observed experimentally, we decided to stop the opti-
mization procedure at a point fulfilling this condition but close 
to the crossing, which happened at U = 3.5 eV. 

The DFT+U methodology is one of the suitable approaches 
to reduce the electronic self-interaction error in DFT studies,57-

63 and has been largely applied by the solid state community as 
a mimic for hybrid functionals.64-68 However, the DFT+U 
methodology is not free of errors and the quality of electron 
localization/delocalization,64,68-69 and the adequacy of the en-
ergetics/densities balance when compared to more accurate 
methods69-72 have been called into question. Another possible 
source of error in DFT +U calculations can be the lack of stat-
ic correlation treatment.69 In principle, multireferential charac-
ter could be expected to appear in the studied compounds, 
mainly due to the partially filled d-orbitals of the metal center 
and the radical character of NO, which could produce mixed 
low-energy states. However, the computed species herein are 
too large to carry out a complete multirefential study with e.g. 
CASSCF/CASPT2 calculations. Multireferential calculations 
using the Orca73 package were attempted for describing the 
electronic structure of the cluster analog of the Fe(NO)2 (III) 
compound (see below); nevertheless, the complex structure of 
this system, where unpaired electrons can be found on both the 
metal and the NO ligands, provided unconvincing results even 
when trying different active spaces. Monodeterminantal calcu-
lations on molecular clusters of different species were also 
computed with Gaussian0974 using the def2-tzvp basis set75 
and the PBE,48 PBE0,48,76-77 and B3LYP78-80 density function-
als. These calculations show that, in all cases, the iron center 
remains in a high spin state and, in the case of the hybrid func-
tionals by a similar energy margin (ca. 1 eV) to that found in 
the DFT+U periodic calculations. Thus multireference effects 
should not be expected to have a strong impact in the calcula-
tions.  

The lattice parameter for MOF-5 was computed to be 
13.070 Å with the aforementioned DFT+U methodology, in 
excellent agreement with the experimental value of 12.909 Å 
available from X-ray crystallography.81 In this optimized cell, 
one Zn atom was replaced with Fe, and the structure was fully 
reoptimized. The final computed system contains two tetrahe-
dral cores [FeZn3O(BDC)3][Zn4O(BDC)3] (BDC = 1,4-
benzenedicarboxylate) and has a Fe:Zn ratio of 1:8 (12.5%). 
The replacement of any other Zn center by Fe is not necessary 
since the experimental magnetic susceptibility measurements 
indicate that Fe-MOF-5 features isolated S=2 ferrous ions.15 

The energies of the molecular species, namely NO, N2O and 
NO2, have been corrected to include the corresponding zero-
point energy and the translational entropy at 298 K. Both these 
values have been obtained from calculations with Gaussi-
an09,74 employing the PBE functional48 along the 6-31G* 
basis set.82-84 Additionally, the cyclic intermediates (namely 
IVC, VIIO, TS_I and TS_II) have been corrected to include 
the entropy loss upon cyclization, which amounts 0.06 eV per 
bond at 298 K.85 

The simulated IR spectra of the different Fe-MOF-5–NxOy 
have been obtained using the optimized plane wave calcula-
tions as starting point. The corresponding iron clusters have 
been extracted for each compound, and the phenyl rings have 
been replaced by methyl groups; hence, in these calculations 
the Fe-MOF-5 core structure is [FeZn3O(OAc)6]. Finally the 
modified carboxylate groups have been allowed to relax in a 
partial optimization of the geometry where the Fe atom and 
the NxOy units have been kept frozen. The IR spectra have 
been obtained with Gaussian09,74 using the PBE functional48 
along with the def2-tzvp basis set,75 and the final DRIFTS 
spectra have been constructed by representing the characteris-
tic bands of the involved species in increasing and decreasing 
percentages in each reaction step.  

Calculating quantitatively precise partial charges and elec-
tron distributions in solids, which may be helpful in this study, 
has been demonstrated to be a difficult process.86 However, we 
were able to compute the magnetization and Bader partial 
charges for all the species along the reaction sequence in order 
to ascertain the electron transfer processes between, mainly, 
the iron center and the NxOy moieties (Table S1). As expected, 
these computed quantities do not show a quantitative agree-
ment with their expected magnetization values or formal oxi-
dation states, preventing their usage as a clear criterion for 
describing the electron transfer processes in the studied reac-
tion. Nevertheless, the computed parameters in Table S1 show 
a relatively good qualitative trend for the studied dispropor-
tionation reaction i.e. when iron(II) reacts with NO an evaluat-
ing increase in the computed Bader charge for Fe is observed 
while nitric oxide adopts an overall negative charge. This 
same behavior is also observed in computed Bader charges 
obtained from cluster calculations of reaction intermediates; 
on the other hand, other different methods for obtaining the 
atomic partial charges from molecular species (Mulliken, APT 
and NBO) show a much worse agreement with the expected 
formal oxidation state for iron.  
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