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Abstract 

The reactivity of supported zirconium hydrides toward probe molecules like N2O and CO2 

have shown that both hydrides are converted to the corresponding hydroxide and formate 

species, which were characterized by IR and NMR spectroscopies. Their reactivity towards 

these probe molecules is analyzed through DFT (Density Functional Theory) calculations. 

The computed spectroscopic IR and NMR signatures are fully consistent with experimental 

observations. 
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Jin Du Road, Xin Zhuang Ind. Zone, 201108 Shanghai, China. 
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Introduction 

Supported early transition-metal hydrides present unprecedented reactivities by 

comparison to many of their molecular analogues.1-3 Besides the hydrogenation of olefins and 

aromatics, zirconium hydrides, discovered in the late seventies4  readily activate the C-H bond 

of alkanes5 and more importantly catalyze the hydrogenolysis of alkanes6, including 

polyethylene7 and even the homologation of alkanes in the absence of hydrogen.8 Advanced 

spectroscopic studies have shown that the silica-supported zirconium hydrides, prepared via 

the hydrogenolysis of the well-defined zirconium trisneopentyl siloxy complex, present two 

main surface species, a mono- and a bis-hydride, which display distinct spectroscopic 

signatures (both in IR and in NMR) and reactivities.9, 10 In particular, the investigation of the 

reactivity of supported zirconium hydrides toward probe molecules like N2O and CO2 has 

shown that both hydrides are converted to the corresponding hydroxide and formate species, 

which were characterized by IR and NMR spectroscopies. In addition, the reaction with CO2 

yielded small amounts of methoxide surface species. Such methoxide was proposed to 

originate from the reaction of the dihydride with CO2 to yield a dioxazirconacyclobutane; its 

decomposition into formaldehyde and the subsequent reaction of the latter with another metal 

hydride yielding the methoxide. Following our investigation of the reactivity of these hydrides 

towards alkanes, where we showed that σ-bond metathesis was a key step in the C-H bond 

activation of alkanes11, we have here explored their reactivity towards N2O and CO2 probe 

molecules through DFT (Density Functional Theory) calculations.  

Computational details 

The Amsterdam Density Functional (ADF) code was herein used 12-14
 in combination with 

PW91 gradient-corrected exchange–correlation functional 15-17 and the Triple Zeta plus 

Polarisation (TZP) basis. All the structures were characterized by vibrational analysis in the 
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harmonic approximation with no imaginary frequency for stable states (energy minima) and 

one imaginary frequency for transition states. Similar computation parameters have proved to 

be adequate for the study of analogous systems11,18-20. Charges were condensed on atoms 

following Mulliken scheme.   

Modelling metal hydrides.  

The zirconium monohydride (SiO)3ZrH and dihydride (SiO)2ZrH2 surface sites were modelled 

using clusters of three (1-H) and two silicon atoms (2-H), respectively (Figure 1), where the 

dangling bond were replaced by OH groups.10, 11, 21-23 The calculated average distances 

between the surface oxygen and zirconium in 1-H and 2-H (1.98 Å and 1.96 Å, respectively) 

are close to those determined experimentally by EXAFS (1.95 Å).11 Furthermore, the 

calculated frequencies of vibration of Zr-H in 1-H is 1602 cm-1 and in 2-H are 1610 cm-1 and 

1634 cm-1, which are very close to the experimental value observed in IR spectroscopy (a 

broad complex band at 1638 cm-1,9) which has been attributed to the mono- and the bis-

hydride.10 In addition, the calculated proton NMR chemical shifts, considering spin orbit 

corrections,24 for 1-H and 2-H are 10.3 and 10.9 ppm, respectively in close agreement with 

experiments, where the corresponding species have distinct chemical shifts of 10.1 and 12.0 

ppm, respectively.9 Overall, calculated data is in close agreement with experiment, indicating 

with good confidence that the cluster model represents quite well the actual surface sites 

present in the silica-supported zirconium hydrides.25 

--- insert Fig. 1 near here --- 
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 4

Reactivity of zirconium hydrides with N2O 

The reaction of 1-H with N2O giving the corresponding monohydroxide 1-OH is strongly 

exothermic, ∆E0 = –345 kJ.mol-1, which is consistent with the simultaneous formation of a 

strong Zr-O bond and the very stable dinitrogen molecule. This reaction is associated with a 

small energy barrier of ca. 53.6 kJ.mol-1, consistent with the observed reactivity at room 

temperature. In addition, the calculated frequencies of vibration of ZrO-H in 1-OH is 3786 

cm-1 – red shifted by 20 cm-1 with respect to SiO-H (3766 cm-1) – in excellent agreement with 

the experimental values (3785 cm-1 vs. 3747 cm-1).9 Finally, the NMR calculations show a 

signal at 4.66 ppm for 1-OH which is also close to the experimental value (4.1 ppm).9 

--- insert Fig. 2 here --- 

The corresponding transition-state (TS1) describes the direct insertion of O into the Zr-H 

bond, accompanied by the loss of N2 (Figure 2). The elongation of Zr-H, N-O and N-N bond 

distances, 0.085 Å, 0.23 Å and 0.84 Å, respectively, in the TS1, compared with 1-H and N2O 

shows the weakening of these bonds to produce 1-OH and N2. Note the increase of the 

positive (Mulliken) charge at Zr (+0.09) and of the negative charge at the oxygen atom of 

N2O (–0.12), and the decrease of the negative charge of the hydrogen atoms connected to Zr 

and positive charge of nitrogen connected to oxygen of N2O (+0.10 and -0.15, respectively), 

which suggests a charge transfer from the HOMO of 1 (Hydrogen 1s and complex d) toward 

the LUMO of N2O (px) (Figure S2), in other words an electrophilic activation of N2O. In line 

with this, the (mostly) interacting orbitals are the HOMO of 1-H and the LUMO of N2O (see 

Figure 3).  

 

--- insert Fig. 3 here --- 
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The fact that N2O can also coordinate in an O-bound fashion (whereas the HOMO of N2O is 

mostly centered on nitrogen) is undoubtedly related to the charge interaction between the 

(almost 2+) positive charge of the zirconium and the most negative charged atom of N2O, 

namely oxygen. This is in agreement with the large hardness of the reactants (as measured by 

the HOMO-LUMO gap) which favors the charged controlled reactions. Note that the N-bound 

N2O is only slightly exothermic, (∆E0 = –6 kJ.mol-1) with a linear Zr-N-N-O structure; 

however it was not possible to locate a reactive pathway. 

For the dihydride 2-H, it has been possible to localize the intermediate (2-H�N2O), which 

corresponds to the coordination of N2O on zirconium; it is -19 kJ.mol-1 more stable than the 

separated reactants, where the oxygen of N2O is coordinated to now a bipyramidal Zr 

complex thus inducing a lengthening of the N-O distance by 0.77 Å. From this intermediate, 

the first and the second insertion processes leading to a monohydroxy, 2-(H)(OH), and the 

bis-hydroxy 2-(OH)2 complexes are each exoenergetic by -354 and -335 kJ.mol-1 respectively 

(Figures 4 and S3), values very close to this found for the reaction of 1-H and N2O (-345.2 

kJ.mol-1), making overall the formation of the dihydroxide highly exoenergetic (-689 kJ.mol-

1). Here again, one may point out the existence of a N-bound fashion coordination leading to a 

slightly exothermic, (∆E0 = –26 kJ.mol-1) formation of a stable intermediate adduct with a 

linear Zr-N-N-O structure, and again it was not possible to locate a reactive pathway." 

--- insert Fig. 4 here --- 

These steps are associated with low energy TS (TS2 and TS3) states (71.5 kJ.mol-1 and 

62.5 kJ.mol-1), again compatible with the easy conversion of the bis-hydride to the bis-

hydroxide at room temperature as observed experimentally. Note that the elimination of water 

from 2-(OH)2 to form the oxide 2-(Oxo) is clearly disfavoured as evidenced by the highly 

endoenergetic process (∆E0= 252.9 kJ/mol  and ∆G°=213.6 kJ/mol). The calculated IR and 

NMR signatures are also in good agreement with experiment: vibration frequencies of ZrO-H 
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 6

in 2-(OH)2 are 3770 cm-1 and 3781 cm-1 (red shifted by 14.5 cm-1 and 25.5 cm-1 with respect 

to SiO-H (3755.5 cm-1), respectively and the calculated chemical shift of 5.08 ppm and 5.84 

ppm for 2-(OH)2. Note that the calculated vibration frequencies of ZrO-H, Zr-H and SiO-H in 

2-(H)(OH) are 3781 cm-1, 1625 cm-1 and 3756 cm-1, respectively and that the corresponding 

chemical shifts are 5.18 (ZrO-H) and 9.51 (Zr-H) ppm for 2-(H)(OH), which are not observed 

experimentally in line with the high reactivity of that intermediate. 

The first insertion step is associated with a transition state, where N2O is found in between 

the two hydride ligands, with one of the hydride very close to the O atoms (1.739 vs. 2.652 

Å). The second step involves a transition state very similar to the one described in the reaction 

of 1-H with N2O, with a TBP geometry. As in the case of the reaction between (SiO)3ZrH and 

N2O, a similar change of charges on the Zr, H, O, N atoms and of ∆E between HOMOs and 

LUMOs of 2-H and N2O is obtained, corresponding to a charge transfer from the HOMO of 

2-H toward the LUMO of N2O (Figures S4 and S5): increase of the positive charge of Zr and 

the negative charge of oxygen atom of N2O (+0.09 and -0.07, respectively) and a decrease of 

the negative charge of the hydrogen atoms connected to Zr and of the positive charge of 

nitrogen connected to oxygen of N2O (+0.16 and -0.21, respectively). All data converge to 

describe a charge transfer from the HOMO of 2-(H)(OH) towards the LUMO of N2O (Figure 

S4 and Figure S6). 

Reactivity of zirconium hydrides with CO2: 

The reaction of 1-H and CO2 leads to the formation of a weak CO2-adduct (1-H�CO2) with 

a stabilization energy of -15.6 kJ.mol-1, which yields η1– then a η2–formate species, noted (1-

η1-O2CH) and (1-η2-O2CH) respectively, with high reaction energies of –135 and -183 

kJ.mol-1, with respect to separated reactants (1-H and CO2). The formation of 1-η1-O2CH and 

1-η2-O2CH is practically barrierless, with very low activation energies of 1.1 kJ.mol-1 and 0.6 

kJ.mol-1, respectively. The calculated vibrational frequency of the C-H bond in 1-η2-O2CH 
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(2996 cm-1) is in agreement with experiment (2960 cm-1).9 In addition, the calculated proton 

and carbon-13 chemical shifts for 1-η2-O2CH are 9.4 ppm and 187 ppm, in close agreement 

with experiment (8.7 ppm and 183 ppm, respectively).  

--- insert Fig. 5 here --- 

In the TS4, the approach of CO2 to Zr-H bond is evidenced by the shortening of the 

distances between C---H and Zr---O(CO2), with respect to 1-H�CO2 by 0.49 Å and 0.11 Å, 

respectively, leading to the formation of the O-Zr bond in  1-η1-O2CH. This step is associated 

with a very low activation energy (1.1 kJ.mol-1), and subsequently 1-η1-O2CH yields the 

more stable η2-compound 1-η2-O2CH, which is again an essentially barrierless process (0.4 

kJ.mol-1, Figure 6 and S7). 

 

--- insert Fig. 6 here --- 

A comparison of the Mulliken charges in 1-H�CO2 and the transition state shows an 

increase in the positive charge of Zr and the negative charge of oxygen of CO2 (+0.04 and -

0.03, respectively) and a decrease of the negative charge of H of the complex and a positive 

charge of C (+0.10 and -0.04, respectively) (Figure S8). These results, coupled to the small 

∆E between HOMOs and LUMOs, are consistent with a charge transfer from the HOMO of 

the complex to the LUMO of CO2 (Figure S9).  

For the dihydride 2-H, a weak CO2 adduct (2-H�CO2) is also located; it is -17.7 kJ.mol-1 

more stable than separated reactants (2-H + CO2). Similarly to N2O, CO2 coordinates to 

zirconium between the two hydride ligands through one of its oxygen atoms. From this 

intermediate, insertion of CO2 leads first to the formation of η1– and then η2–mono–formate 

species, noted 2-(H)(η1-O2CH) and 2-(H)(η2-O2CH), and then to the corresponding η1– and 

η2–bis–formate species 2-(η1-O2CH)2 and 2–(η2-O2CH)2 via processes similar to what was 

discussed for 1-H. All these processes are highly exoenergetic (Figures 6a and 6b). The CO2 
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insertion steps from 2-H or 2-(H)(η2-O2CH) leading to the η1–formates are both essentially 

barrierless (< 1 kJ.mol-1), while the change of coordination of the formate ligand from η1 to 

η2 is associated with slightly higher energy barriers (ca. 27-28 kJ.mol-1 for the first step, and 

barrierless for the second step) (Figures 6a and b and S10-13). This energy schemes are 

consistent with a very facile process. The calculated vibrational frequency of the C-H bond in 

2-(H)(η2-O2CH) is 2978 cm-1, while the calculated protons and carbon-13 chemical shifts for 

2-(H)(η2-O2CH) are 10.6 (Zr-H), 9.8 ppm (Zr-(η2-O2C-H)) and 191.3 ppm (Zr-(η2-O2C-H)), 

respectively. The presence of such hydrides has not been observed experimentally, but the 

computed spectroscopic signatures for 2–(η2-O2CH)2 (2996 and 2999 cm-1 for the C-H bond 

vibration and δΗ= 9.4 ppm and δ��=185.7 ppm) are fully consistent with experimental values. 

In the case of 2-H, the intramolecular insertion of the remaining hydride into the adjacent 

formate has also been examined. While this step is slightly exoenergetic, it is associated with 

an energy barrier of 125.6 kJ.mol-1 (See Figure S14), indicating that this reaction is difficult, 

not to say unlikely at room temperature. From this intermediate, we also examine further 

decomposition step, such as the formation of 2-(O) and formaldehyde, but this step has been 

found to be highly endoenergetic (∆E0= 191.3 kJ.mol-1 and ∆G0 = 146.8 kJ.mol-1), which is 

very unfavorable and probably associated with a high energy barrier (it was not possible to 

locate a TS).  

Conclusion 

This computational study shows that silica-supported zirconium mono- and bis-hydride 

surface species have very similar spectroscopic NMR and IR signatures as well as reactivity 

towards N2O and CO2, leading to the corresponding hydroxide and formate derivatives. These 

species display computed spectroscopic IR and NMR signatures, fully consistent with 

observation, further supporting prior proposition. Note however that no reaction pathway 
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leading to the formation of methoxy surface species upon reaction of CO2 and zirconium 

hydrides could be located, pointing out to the possibility of additional minor species, such as a 

putative trishydride.  
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Figure captions 
 

Figure 1 : Optimized geometries of 1-H and 2-H. 

Figure 2 : Energy profile of the reaction between 1-H and N2O. Relevant distances (Å) and charges are given in 

Figures S1 and S2, respectively. 

 

Figure 1: Changes in energy (eV) and shape of HOMOs and LUMOs of N2O and 1-H via TS1 (∆E between 

HOMOs and LUMOs in italic). 

Figure 4: Energy profile of the reaction between 2-H and N2O. Relevant distances (Å) and charges are given in 

Figures S4 and S5, respectively.. 

 

Figure 5 : Energy profile of the reaction between 1-H and CO2. Relevant distances (Å) and charges are given in 

Figures S8 and S9, respectively. 

 

Figure 6: a) Energy profile of the reaction between 2-H and first CO2. Relevant distances (Å) and charges are 

given in Figures S7 and S8, respectively. b) Energy profile of the reaction between 2-(H)(η2-O2CH) and second 

CO2. Relevant distances (Å) are given in Figures S14. 
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Fig.1 
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Fig.2 
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Fig.3 
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Fig.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0.0 -18.9
52.5

-291.4
-353.9

-688.8

Reaction progress

E
0

(k
J/

m
o

l)

2.187TS2+N2O2-H+2N2O 2-H.N2O+N2O

TS3+N2

2-(OH)2+2N2

2-(H)(OH)

+N2O+N2

0.0 -18.9
52.5

-291.4
-353.9

-688.8

Reaction progress

E
0

(k
J/

m
o

l)

2.187TS2+N2O2-H+2N2O 2-H.N2O+N2O

TS3+N2

2-(OH)2+2N2

2-(H)(OH)

+N2O+N2

TS2+N2O2-H+2N2O 2-H.N2O+N2O

TS3+N2

2-(OH)2+2N2

2-(H)(OH)

+N2O+N2

Page 16 of 19New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 17

 
Fig.5 
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Fig. 6a 
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Fig.6b 
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