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Abstract:



The density functional theory (DFT) based hybrid-method B3LYP has been used to study the interaction of the nitromethane molecule (CH3NO2) with the Au(111) surface. The perfect Au(111) surface has been represented by a rather large cluster model, Au22, that was in turn used to extract information about the preferred adsorption geometry of the CH3NO2 species. In order to extract energetic information about the stability of adsorbed nitromethane, calculations were also performed for the gas-phase CH3NO2 molecule. The results obtained here are used to interpret experimental data. The computed geometry for adsorbed CH3NO2 agrees with the structure proposed from a previous experimental work.
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Introduction


The knowledge of the chemical behavior of nitrogen containing compounds is of considerable interest in many industrial applications [1,2]. Nitromethane is a very interesting molecule in adsorption phenomena due to its structural simplicity and ease of handling. Also, the reactions involving nitromethane are important since it is the archetype of a class of simple high explosives and monopropellants in rocket thrusters [3,4]. Fundamental studies of the adsorption properties of nitromethane on transition metal surfaces are needed to characterize and understand the selective activation of C-H, C-N or N-O bonds. Also, they may be used to extract information about reaction pathways and products that may be formed. Previous studies on the homogenous catalysis of nitromethane show that it forms in one stage the CH3ONO isomer [5,6]. Adsorbed methyl nitrite was found previously to be capable of producing surface methoxy species [7] which are known to be important intermediates in the methanol oxidation catalyzed by metal surfaces [8,9,10,11].



Only but a few studies concerning the adsorption of nitromethane on transition metal surfaces can be found in the literature [12,13,14,15,16,17]. Namely, there are several studies concerning the interaction of the simplest nitroalkane with the Ni(111) [12], Rh(111) [13], Pt(111) [14,15] and Au(111) [16] single-metal surfaces and also with the Pt-Sn alloy [17]. From these experimental studies it is concluded that nitromethane is weakly adsorbed and that it desorbs in large quantities upon heating. Only a small portion of adsorbed nitromethane suffers decomposition. The products obtained depend strongly on the metal support used and this is caused by the different way on how the C-N and N-O bonds are activated. On the platinum surface, the major decomposition path of adsorbed nitromethane is the dissociation of C-H and N-O bonds which forms H2, H2O, CO and NO and leaves CN on the surface that desorbs as C2N2 [14]. Thus, C-N bond scission does not take place on the Pt(111) surface. The same appears to be true for the nickel (111) surface [12], i. e., the decomposition of nitromethane, studied by means of temperature-programmed desorption (TPD) and Fourier transform-reflection-absorption infrared spectroscopy (FT-RAIRS), produce as major products HCN, H2 and adsorbed oxygen. This behavior contrasts with that of nitromethane on the Rh(111) surface upon heating. Hwang et al. [13] using TPD and Auger electron spectroscopy (AES) observed for the surface of rhodium CO, N2, H2 and CO2 as major products, smaller amounts of CH4 and trace quantities of HCN, NO and H2O. Therefore, the major decomposition path is governed by the complete dissociation of the C-N and N-O bonds leaving on the surface N and O atoms combined with surface CHx species. On the gold surface the TPD spectra shows one single peak due to desorption of CH3NO2 and no other peaks associated with the other smaller molecules referred above were observed [16]. Nitromethane is proposed to adsorb on these metal surfaces in a monodentate geometry, with only one oxygen atom approaching the surface and the C-N axis tilted away from the normal to the surface and the adsorption energy is predicted to be close to 10 kcal/mol [15,16].




Computational details


In the present work, the cluster model approach combined with the density functional theory (DFT) based B3LYP method have been used to investigate the adsorption geometry of nitromethane adsorbed on the Au (111) surface. The B3LYP hybrid method is known to provide very good results for systems where transition metal atoms are present [18,19,20,21,22,23,24,25]. It uses an exchange functional that mixes the non-local Fock exchange with the gradient corrected form proposed by Becke [26] and adds the functional correlation proposed by Lee et al. [27] based in the previous work of Colle and Salvetti [28,29]. To model the metal surface, the same Au22 cluster model used in a previous work to study the adsorption of the methyl nitrite molecule on the Au(111) surface [24] has been used and it is depicted in Figure 1. This reasonably large cluster with Cs symmetry is made up of two metal layers. The first metal layer contains fourteen gold atoms and the second layer contains eight metal atoms. No additional layers were considered because of the local nature of the chemisorption phenomena. In order to make the calculations feasible the gold atoms in the cluster model were assigned to different regions that are treated differently in terms of the basis set employed. The Au atoms closest to the adsorption site, four from the first layer and three from the second layer, define the inner region, blue atoms in Figure 1. The atoms in this region were treated with the LANL2DZ basis set derived by Hay and Wadt [30]. This basis set explicitly consider the outer 5s25p65d106s1 electrons in gold atoms by a double-zeta basis set while the inner core electrons were replaced by the relativistic effective core potential, RECP, of Hay and Wadt [30]. The gold atoms farther from the adsorption site, outer region, were described by the LANL2MB [30] basis set which differs from the LANL2DZ basis set by the use of a minimal basis instead of the double-zeta one to treat the valence electrons. These two different regions are also illustrated in Figure 1. The standard split valence basis set, 6-31G, plus polarization and diffuse functions, resulting in a 6-31+G* basis, has been employed to describe the non-metallic atoms. All calculations were carried out by means of the Gaussian 98 suite of programs [31].


Figure 1. Top view of the Au22 (14,8) cluster used to model the (111) gold surface.
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Results


In the set of calculations here reported, the adsorption energy of the nitromethane molecule was computed as


Eads=E(CH3NO2/Au22)-E(CH3NO2)-E(Au22)



(1)







The first term in equation 1 is the total energy of the CH3NO2+Au22 supermolecule and the second and third terms refer to the total energy of the separated fragments. Thus, to obtain Eads it is needed to calculate all these quantities separately.



Let us start with the nitromethane molecule in the gas-phase. The computed geometric and energetic parameters for the isolated CH3NO2 molecule are collected in Table 1. The atomic labels are shown in Figure 2. The basis set chosen combined with the B3LYP method were proven to be sufficient enough to yield geometries in good agreement both with experimental data and with values computed with the, in principle, more accurate CCSD(T) method [24].


Figure 2. Atomic labeling used to distinguish the atoms in the nitromethane molecule.
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Table 1. Geometric parameters and total energy for the nitromethane molecule calculated using the B3LYP method and the 6-31+G* basis set.







	
Parameter

	
eclipsed

	
staggered

	
exp. [32]

	
eclipsed [33]a

	
staggered [33]a




	
d(C-H1) (Å)

	
1.088

	
1.093

	
1.089±0.005

	
1.077

	
1.081




	
d(C-H2,3) (Å)

	
1.091

	
1.089

	
1.089±0.005

	
1.080

	
1.077




	
d(C-N) (Å)

	
1.499

	
1.500

	
1.491±0.005

	
1.482

	
1.482




	
d(N-O1) (Å)

	
1.228

	
1.228

	
1.224±0.005

	
1.195

	
1.196




	
d(N-O2) (Å)

	
1.228

	
1.228

	
1.224±0.005

	
1.195

	
1.196




	
∠ (H1CH2,3) (deg.)

	
112.0

	
110.5

	
——

	
——

	
——




	
∠ (H2CH3) (deg.)

	
109.7

	
112.9

	
——

	
——

	
——




	
∠ (H1CN) (deg.)

	
108.4

	
106.6

	
107.4±0.5

	
107.7

	
106.5




	
∠ (H2,3CN) (deg.)

	
107.2

	
108.0

	
107.4±0.5

	
107.2

	
107.8




	
∠ (CNO1) (deg.)

	
117.8

	
117.2

	
117.4

	
117.8

	
117.2




	
∠ (CNO2) (deg.)

	
116.6

	
117.3

	
117.4

	
117.8

	
117.2




	
∠ (O1NO2) (deg.)

	
125.5

	
125.5

	
125.5±0.3

	
125.6

	
125.6




	
∠ (H1CNH2,3) (deg.)

	
121.2

	
118.8

	
——

	
——

	
——




	
∠ (H2CNH3) (deg.)

	
117.7

	
122.4

	
——

	
——

	
——




	
Total energy (a.u.)

	
-244.9666b

	
-244.9666b

	
——

	
-243.7239

	
-243.7233








a RHF/D95V(d,p) level of theory. b Thermal Energy included (for 298 K, 1 atm)












The computed values reported in Table 1 are in good agreement with the experimental microwave values of Cox and Waring [32]. The maximum numerical deviations from the experimental values are inferior to 0.01 Å and 1.0° for bond lengths and bond angles, respectively. The problems encountered in the prediction of the N-O bond length in the RHF calculations of Allouche et al. [33], which were smaller than the experimental value by 0.03 Å, do not appear in the present calculations. Also, comparing the present values with the ones of reference [33], the consideration of correlation predicts the staggered and the eclipsed forms to be degenerate. The calculated energy difference is only 0.02 kJ·mol-1 in the limit of the computational approach used. Atomic charges were also computed using two different methods, i.e., from the traditional Mulliken definition and from a Natural Population Analysis, and are summarized in table 2.



Table 2. Mulliken and NPA atomic charges in the nitromethane molecule.







	

	
Mulliken

	
NPA




	
atom

	
eclipsed

	
staggered

	
eclipsed

	
staggered




	
H1

	
0.245

	
0.250

	
0.260

	
0.266




	
H2, H3

	
0.246

	
0.243

	
0.264

	
0.260




	
C

	
-0.512

	
-0.511

	
-0.523

	
-0.523




	
N

	
0.118

	
0.121

	
0.496

	
0.493




	
O1

	
-0.181

	
-0.173

	
-0.376

	
-0.379




	
O2

	
-0.162

	
-0.173

	
-0.384

	
-0.379












The main difference between the two approaches is observed for the NO2 group where the Mulliken charges yield to weakly charged nitrogen and oxygen atoms. For the CH3 group both methods result in the same atomic charges. The differences in the atomic charges between the two conformers are negligible. Vibrational frequencies were also calculated for the two conformers and both are classified as true minima through explicit diagonalization of the hessian matrix. The computed values are in good agreement with the ultrafast IR-Raman spectroscopic data obtained by Deak and co-workers [34] considering liquid nitromethane and those are collected in table 3.



Table 3. Vibrational (cm-1) calculated at the optimum geometries reported in table 1.







	
Mode

	
eclipsed

	
staggered

	
exp. [34]




	
τ(CH3)

	
25

	
30

	
~ 60




	
δ(CNO)

	
479

	
481

	
480




	
ρ(NO2)

	
615

	
607

	
607




	
δ(ONO)

	
654

	
659

	
657




	
ν(CN)

	
924

	
925

	
918




	
ρ(CH3)

	
1122, 1144

	
1122, 1145

	
1104, 1125




	
ν(NO2)

	
1417, 1644

	
1417, 1644

	
1379, 1560




	
δ(CH3)

	
1444, 1484, 1496

	
1444, 1484, 1496

	
1402, 1426, 1426




	
ν(CH3)

	
3101, 3190, 3223

	
3099, 3192, 3224

	
2968, 3050, 3050












The structure of nitromethane is analogous to the structure of the adsorbed formate anion (HCOO-) which is known, from theoretical [18] and experimental work [35], to adsorb on single metal surfaces by its oxygen atoms. Thus, following the previous theoretical work on the adsorption of formate on low index copper surfaces [18] and based also on experimental information [16], two different starting geometries were idealized, see Figure 3.


Figure 3. Starting geometries for the nitromethane molecule. Both structures are bidentate, adsorbed on a short-bridge site, left, or on a long-bridge site, right, of the Au(111) surface.
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In a first part of our calculations, the plane of the molecule was kept perpendicular to the metal surface, following the previous results for formate. Then, a partial optimization of the internal geometry of nitromethane was taken into account with a symmetric displacement of the oxygen atoms in the coordinate that defines each of the bridge sites. This prevents the jump of the nitromethane molecule to a different and not interesting conformation. The results obtained for the two-adsorption geometries are summarized in Table 4. In these two optimized geometries, the nitrogen atom is located practically above the intersection of the two bridge sites and the final optimized CH3NO2 structures are identical. The two oxygen atoms are located at the same perpendicular distance to the gold surface. An important point is that for the long-bridge site, the two oxygen atoms are practically at the same distance from the surface despite the fact that these two are placed above two different hollow sites, hcp and fcc. This is a contradictory behavior when compared with the adsorption of formate on the long-bridge sites of the copper surfaces [18]. Formate adsorbs on the long-bridge sites of copper with the two oxygen atoms placed at significantly different distances from the metal surface and this is accompanied by a tilt of the molecule. Probably, this is due to the fact that the gold atoms are larger than copper atoms and the two cavities in the gold surface have comparable sizes. The distance from the nitromethane oxygen atoms to the metal surface is larger than the observed for formate on copper. However, this is not a sign of a different behavior of the nitromethane bonding since it is known that adsorption on gold surfaces is much weaker than on copper [36]. For example, methoxy adsorption energy on the most stable sites of copper and gold is of about 241 kJ/mol and 85 kJ/mol respectively [36]. Furthermore, the adsorbate to surface distance increases from copper to gold by ~0.3 Å.



Table 4. Calculated geometrical parameters for nitromethane adsorbed on the Au(111) surface.







	

	
short-bridge

	
long-bridge

	
full-optimization




	
d(nnAu-O1) (Å)

	
3.298

	
3.757

	
3.497




	
d(nnAu-O2) (Å)

	
3.298

	
3.768

	
5.436




	
d(surf.-O1) (Å)

	
3.283

	
3.493

	
3.249




	
d(surf.-O2) (Å)

	
3.283

	
3.504

	
5.381




	
d(C-H1) (Å)

	
1.090

	
1.090

	
1.087




	
d(C-H2,3) (Å)

	
1.090

	
1.090

	
1.091




	
d(C-N) (Å)

	
1.497

	
1.499

	
1.499




	
d(N-O1) (Å)

	
1.250

	
1.240

	
1.262




	
d(N-O2) (Å)

	
1.250

	
1.239

	
1.262




	
d(O1-O2) (Å)

	
2.258

	
2.224

	
2.235




	
∠ (H1CN) (deg.)

	
108.0

	
107.7

	
107.8




	
∠ (H2,3CN) (deg.)

	
108.0

	
107.7

	
107.6




	
∠ (CNO1) (deg.)

	
115.4

	
115.6

	
117.3




	
∠ (CNO2) (deg.)

	
115.4

	
116.8

	
118.3




	
∠ (O1NO2) (deg.)

	
129.3

	
127.5

	
124.5




	
∠ (NM plane -surf.) (deg.)

	
0.0

	
0.0

	
13.4




	
Eads (kJ/mol)

	
18.9

	
22.4

	
24.0




	
qadsorbate Mulliken (a.u.)

	
0.17

	
0.09

	
0.15










For the two bridge-sites, the calculated adsorption energy of nitromethane on Au(111) is small, ~20 kJ/mol. The most stable site is the long-bridge with an energy of 22.4 kJ/mol while on the short-bridge site the interaction energy is 18.9 kJ/mol. This low adsorption energy is a sign of a small interaction with the surface as seen also from the large adsorbate to surface distance. The internal geometry of the adsorbate is practically the same of the gas-phase nitromethane molecule, c.f. Table 1, as expected from the small interaction energy. The more important difference is that the N-O bonds are elongated by ~0.02 Å which is a sign that, despite the low interaction energy, there is some activation of the N-O bonds.





The partial optimized structure obtained for the long-bridge was used as a starting point for a subsequent calculation where the adsorbed nitromethane molecule was free to move on the surface while its internal geometry was optimized. The geometric parameters for this structure are also reported in Table 4 and part of them reproduced in Figure 4.


Figure 4. Top and side views of the final optimized geometry for the nitromethane molecule adsorbed on the Au(111) surface.
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The structure found in the present calculations is in good agreement with the predictions from the experimental work of Wang et al. [16]. The high-resolution electron energy loss spectroscopy (HREELS) results ruled out bidentate adsorption forms of the nitromethane molecule on the Au(111) surface. Furthermore, these authors suggest that a monodentate species with the C-N bond axis nearly parallel to the surface is the most likely structure on the surface and added that due to the weak interaction with the metal surface, possibly, the molecular plane is normal to the surface. The present calculations add further support to this assignment, the monodentate-bonding scheme is found to be energetically preferred. In the fully optimized geometry the molecular plane of adsorbed nitromethane is tilted from the surface normal by only ~13º and, as can be easily seen from figure 4, the C-N bond is almost parallel to the surface. The internal geometry of adsorbed nitromethane is close to that for the molecule in the gas-phase. However, it is worth pointing out that the energy difference between the full-optimized structure and those coming from the adsorption on the long-bridge site is really small. The difference between the adsorption energy of the conformation illustrated in Figure 4 and that calculated for the nitromethane molecule adsorbed with the oxygen atom of the NO2 group in the fcc hollow site (only the second metal layer is changed) is negligible. A similar conclusion was taken in a previous work for propyne adsorption on Cu(111) [37]. The full-optimized structure closely resembles those from the adsorbed methyl nitrite [24] and we may conclude for monolayer coverage, the ratio of one nitromethane molecule per three surface atoms.




Conclusions


The density functional calculations reported in this work, for the adsorption of the nitromethane molecule on gold (111) surface predicts a weak interaction of this molecule with the surface. This is consistent with the fact that the computed geometry for the adsorbed molecule closely resembles that of the gas-phase molecule. In addition, the calculated, full-optimized, geometry for adsorbed nitromethane is in an excellent agreement with the proposed experimental geometry. The C-N bond is parallel to the surface while the molecular plane is softly tilted from the normal to the gold surface.
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