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The intermolecular potential energy for the van der Waals complex between ammonia and the hydrogen molecule has been studied by means of the coupled cluster CCSD(T) method and aug-cc-pVXZ (X=D,T,Q,5) basis sets and with inclusion of the Boys and Bernardi counterpoise correction. For sufficiently large basis sets the only true electronic minimum energy structure of NH3-H2 is found to possess C3v point group symmetry. Various minimum energy paths for the relative motion of NH3 and H2 are analysed in order to understand the topography of the intermolecular potential. The complete basis set limit for the electronic dissociation energy is estimated to be about 253 cm -1 at the CCSD(T) level.

I. INTRODUCTION

The weak van der Waals interaction of ammonia with H 2 has mainly attracted attention due to its implication in inelastic collisions between hydrogen and ammonia molecules leading to rotational excitation of ammonia and the possibility of population inversion. [START_REF] Green | [END_REF][2][3] The dynamics of NH 3 -H 2 is of astrophysical interest in interstellar clouds and the hydrogen rich atmospheres of heavy planets. The existence of nuclear spin isomers in both partners in the complex leads to highly specific symmetry constraints. Matrix isolation studies 4,5 and gas phase studies [6][7][8] of H 2 containing complexes indicate a significant influence of the rotational state of H 2 for complex formation which leads to marked differences between o-H 2 and p-H 2 .

The intermolecular complex NH 3 -H 2 should exhibit interesting multidimensional tunnelling dynamics (NH 3 inversion and internal rotation of H 2 ) due to multiple symmetrically equivalent potential energy minima. The bound states of NH 3 -H 2 are, however, very little known. The high frequency predissociating modes of the related and isoelectronic HF-H 2 and H 2 O-H 2 have been observed by Nesbitt and coworkers, [6][7][8] but no comparable data exist for ammonia. Theoretical studies of the latter two complexes indicate the possibility of more than one minimum energy structure, H 2 acting either as proton acceptor or as proton donor. 9 These 'isomers' would probably not represent distinct structures due to the large zero point energy but might leave their signature in the internal rotation-tunnelling dynamics. An accurate binary NH 3 -H 2 potential would be a key element in the analysis of the role of resonances in low energy collisions 10 and for the theoretical study of the effect of quantum matrices like helium 11 or p-hydrogen 12 on large amplitude motion by quantum Monte Carlo techniques.

The first experimental observation of the NH 3 -H 2 complex is due to Moroz et al. 4 who studied the interaction between several Lewis bases (including ammonia) and molecular hydrogen in an argon matrix. Vibrational spectra have been recorded recently by Jacox and Thompson 5 in a neon matrix. These authors also performed RMP2 calculations which yielded a coaxial C 3v minimum energy arrangement and electronic dissociation energies of 215 cm -1 and 237 cm -1 at MP2 and CCSD(T) levels, respectively. In both studies the ν HH vibration which is dipole forbidden in free H 2 was observed. This symmetry breaking is consistent with the colinear H 2 orientation in the complex.

The first electronic structure calculation on the NH 5 system was undertaken by Olah and coworkers in their search for the hypothetical ammonium hydride. 13 The potential energy surfaces used in the earlier scattering studies 3 were based on Hartree-Fock calculations of the repulsive short range part with additional empirical long range dispersion terms and cannot be considered as reliable in the well region. The inversion motion of ammonia was experimentally found to be extremely sensitive to the presence of weakly bound partners like helium. 11 This observation has motivated the construction of a high quality potential energy surface for the related but more weakly bound (≈ 35 cm -1 ) NH 3 -He complex. 14 It may also be noted that the H 2 O-H 2 complex has been the subject of high level scattering studies 15,16 which have inspired the recent construction of a full nine-dimensional potential surface. 17 The main purpose of our current study of NH 3 -H 2 was to investigate characteristic features of the potential energy surface in the well region with a high level of accuracy. In addition to the equilibrium structure and the binding energy, we have also studied various angular cuts of the surface which are expected to dominate the internal motion of the complex. This work represents a first step of our project which aims at understanding the internal molecular dynamics of van der Waals complexes, such as NH 3 -H 2 and H 2 O-N 2 , by accurate variational methods.

Ab initio calculations for the NH 3 -H 2 complex in the electronic ground state have been carried out with coupled cluster techniques. The aug-cc-pVXZ family of basis functions was employed to approach the oneparticle basis-set limit (Section II). The basis set superposition error arising from the supermolecule approach (Section II A) and suitable internal coordinates (Section II B) were considered. Our results (Section III) include first the geometrical and electric properties of the two monomers (Section III A). The internal geometry of the complex has been optimized via numerical gradient techniques (Section III B) and the dissociation energy has been estimated (Section III C). The potential energy along the intermolecular distance coordinate (Section III D) and along several angular coordinates (Section III E) have been computed with and without CP correction.

II. DETAILS OF THE THEORETICAL TREATMENT

The ab initio computations have been carried out using the coupled-cluster CCSD(T) method with all single and double substitutions relative to the reference Hartree-Fock determinant, including connected triple excitations in a perturbative fashion. 18,19 Augmented correlation consistent double-zeta (X=D), triple-zeta (X=T), and quadruple-zeta (X=Q) polarized valence basis sets developed by Dunning et al. 20 were employed. These sets of basis functions, identified as aug-cc-pVXZ, were constructed by adding diffuse functions to the standard cc-pVXZ basis. In the case of e.g. aug-cc-pVQZ, the diffuse functions (1s, 1p, 1d, 1f, 1g) for N and (1s, 1p, 1d, 1f ) for H are added to the respective cc-pVQZ sets, leading to (13s, 7p, 4d, 3f, 2g) → [6s, 5p, 4d, 3f, 2g] for nitrogen and (7s, 4p, 3d, 2f ) → [6s, 5p, 4d, 3f, 2g] for hydrogen. The aug-cc-pVQZ basis set for the NH 3 -H 2 complex contains 310 contracted Gaussian-type orbitals.

The reference (SCF) electronic configuration of the electronic ground X1 A 1 state of NH 3 is given by (1a 1 ) 2 (2a 1 ) 2 (1e) 4 (3a 1 ) 2 . Like in water and hydrogen fluoride, the highest occupied orbital of ammonia is the nonbonding orbital (3a 1 ), representing a lone electron pair localized on nitrogen.

The quality of coupled cluster results representing a single reference electron correlation strategy may be assessed by means of the T 1 diagnostic. 21 In the case of the NH 3 -H 2 complex, T 1 values of ca. 0.008 were found, indicating a very low multireference character and confirming the applicability of CCSD(T) for the present system.

All electronic structure calculations described in this article were performed with the MOLPRO quantum chemistry package. [START_REF] Molpro | 1, a package of ab initio programs[END_REF] For each of the basis sets, the structural parameters were optimized by numerical gradient techniques, [START_REF] Eckert | [END_REF] as implemented in MOLPRO for the CCSD(T) approach.

A. Computation of interaction energies

The properties of the NH 3 -H 2 complex were studied in the supermolecular approach, in which the interaction energy E int between two monomers A and B is computed as the difference between the supermolecule (complex) and monomer energies,

E int = E AB (AB) -E A (A) -E B (B).
(1)

In the latter equation, the basis set used to compute E Q for the species Q is shown in parentheses.

In supermolecular electronic structure calculations for weakly bonded complexes the use of finite basis sets may lead to significant effects of the so-called Basis Set Superposition Error (BSSE), introduced by a different number of basis functions included in the complex and monomer calculations. BSSE usually leads to an overestimation of the interaction.

The interaction energies of Eq. ( 1) were corrected for BSSE by means of the counterpoise (CP) correction proposed by Boys and Bernardi. 24 The CP corrected results E CP int for the interaction energy were obtained by evaluating the monomer wave functions in the complex centered basis set as

E CP int = E AB (AB) -E A (AB) -E B (AB). (2) 
All complex geometries were fully optimized at the CP uncorrected level, such that the interaction energies of Eq. ( 2) are actually a posteriori corrected results.

The CP corrected equilibrium structure may, however, differ from the corresponding CP uncorrected value. In this fashion, the CP methodology may in principle change the topography of the overall potential energy surface. We report both CP corrected and uncorrected cuts through the NH 3 -H 2 surface with basis sets of systematically increasing quality in order to assess the reliability and convergence of this procedure and the robustness of physically relevant features of the potential energy surface. 25,26 

B. Coordinates

For floppy complexes a choice of coordinates which allow the easy exploitation or verification of existing symmetries is of great importance. The geometrical arrangements of the NH 3 -H 2 complex are described in terms of the four internal vectors shown in Fig. 1. The bond distance vector d (length d) for the H 2 part is used in combination with the trisector vector (3) s (length d N ) and the H 3 plane vector p (length d H ) for the NH 3 part. The trisector denotes a spatial direction which encloses the same angle with each of the N-H bond-distance vectors of NH 3 . For an explicit definition of (3) s see Ref. 27. The vector p connects the H 3 center of mass to one of the three H atoms of ammonia. The vector R joins the center of mass of the H 2 molecule with the N atom. 
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For ammonia possessing the pyramidal C 3v structure, when (p, (3) s) = 0 holds, the coordinate space of Fig. 1 can be parametrized in terms of eight coordinates: four lengths, d, d N , d H , and R, two polar angles, θ and β, and two dihedral angles, α and γ, where β, θ ∈ (0, π) and α, γ ∈ (0, 2π). The angles β and α represent the polar and azimuthal angle of R in the z∧x frame given by (3) s∧ p, whereas the angles θ and γ specify the orientation of the H 2 vector d in the frame R∧ (3) s. For rigid monomers, the three distances d, d N , and d H assume constant values, such that the geometry of the complex is described by five internal coordinates, namely the intermolecular distance R and four angular coordinates θ, α, β, γ.

The internal coordinates {d, d N , d H , R, α, β, γ, θ} of Fig. 1 were used to construct the Z matrices for the electronic structure calculations. The symmetry properties of the angular coordinates α, β, γ, θ with respect to the spatial inversion Ĵv , the permutation (threefold rotational) symmetry σ3 (NH 3 ) of NH 3 , and the permutation (exchange) symmetry σ2 (H 2 ) of the H 2 molecules are summarized in Table I. The four distance coordinates d, d N , d H , R remain unaltered under the action of Ĵv , σ3 (NH 3 ), and σ2 (H 2 ). Owing to the specific symmetries shown in Table I, the angular space {α, β, γ, θ} of NH 3 -H 2 may readily be reduced to α ∈ (0, π/3), β ∈ (0, π), γ ∈ (0, π), and θ ∈ (0, π/2) in the actual ab initio computation. For given β and {d, d N , d H , R}, twelve angular points specified by (α, γ, θ), (α + 2π/3, γ, θ),

(α + 4π/3, γ, θ), (2π -α, 2π -γ, θ), (2π/3 -α, 2π -γ, θ), (4π/3 -α, 2π -γ, θ), (α, γ + π, π -θ), (α + 2π/3, γ + π, π -θ), (α + 4π/3, γ + π, π -θ), (2π -α, π -γ, π -θ), (2π/3 -α, π -γ, π -θ), (4π/3 -α, π -γ, π -θ) possess the same potential energy.
In the following text, we also make use of the H-N-H angle δ and the umbrella coordinate ρ. The latter two angles, δ and ρ, for pyramidal C 3v ammonia are related to the distance d H shown in Fig. 1 III. RESULTS

A. Monomer properties

Electrostatic and induction forces make major contributions to the NH 3 -H 2 interaction and are responsible for long-range attraction between the two monomers. In the first step of our study, we have thus examined, in addition to the geometrical parameters of the monomers, also their electric properties in order to verify that an appropriate theoretical approach was being employed. At the CCSD(T) level of theory, the electric dipole moments µ q , electric dipole polarizabilities α q1q2 , and electric quadrupole moments Θ q1q2 for q = x, y, z were obtained numerically by means of finite field calculations, using field strengths of 0.005, 0.0025, and 0.001 a.u. Throughout this paper, we use atomic units for the electric properties, i.e. ea 0 for the dipole moment, a 3 0 for the polarizability, and ea 2 0 for the quadrupole moment. Our results for ammonia and molecular hydrogen are reported in Table II, along with available experimental data. For the mean polarizability α and anisotropy ∆α, we use the common definitions 33

α = (α xx + α yy + α zz )/3, (3) ∆α = α zz -(α xx + α yy )/2. ( 4 
)
Since the quadrupole moment Θ is given by a traceless second moment tensor, Θ xx + Θ yy = -Θ zz , such that Θ xx = Θ yy = -Θ zz /2 for the systems studied here. The MP2 values listed in Table II for µ z , α, and Θ zz were computed for the equilibrium configurations optimized at the CCSD(T) level. In view of our future work, it was of particular interest to test which level of agreement between MP2 and CCSD(T) electric properties can be expected for NH 3 -H 2 . Due to the significantly lower computational effort for MP2, a MP2 dipole moment surface is often used in combination with a CCSD(T) potential energy surface in molecular rovibrational studies. [START_REF] Rheinecker | [END_REF] The reliability of the electric property values computed Our results for H 2 and NH 3 at the CCSD(T) and MP2 levels are generally in very good agreement with the available experimental data [START_REF] Herzberg | Electronic Spectra and Electronic Structure of Polyatomic Molecules[END_REF][START_REF] Olney | [END_REF][30]32 and other theoretical results. 31,[35][36][37] The experimental molecular polarizabilities α listed in Table II for H 2 and NH 3 were obtained from dipole (e,e) energy-loss spectra. [START_REF] Olney | [END_REF] The experimental quadrupole Θ zz moment of H 2 was derived 30 from the molecular susceptibilities known from molecular beam experiments. [START_REF] Ramsey | Molecular Beams[END_REF] For both monomers, experimental ground-state rovibrational quadrupole moments are reported in Table II. One may, however, note that the dipole moment provided for NH 3 corresponds to a vibrationless situation. 31 For a detailed theoretical study of the equilibrium dipole moment of ammonia, see the paper by Halkier and Taylor. 37 The molecular parameters of Table II computed at the CCSD(T)/aug-cc-pVQZ level agree within 4% with the corresponding experimental results, with the exception of Θ zz for NH 3 . The discrepancy of ca. 11%, found in this case, is probably due to a prominent vibrational correction to the equilibrium quadrupole moment. A vibrational correction of about -0.13 ea 2 0 was estimated by Piecuch et al. 31 in their study of the quadrupole moment of ammonia. This would account for about half of our discrepancy.

For molecular hydrogen, our CCSD(T)/aug-cc-pVQZ values for the mean dipole polarizability of 5.20 ea 0 and the anisotropy of 1.82 ea 0 agree very well with the results of Ko los and Wolniewicz, 35 who calculated α and ∆α of 5.179 and 1.803 a 3 0 , respectively, for an internuclear separation of 1.40 a 0 . For the ground vibrational state of H 2 , Ko los and Wolniewicz obtained a value of 5.414 and 2.024 a 3 0 , respectively. Our results for α and ∆α of ammonia are in very good agreement with the values of 14.01 and 1.52 a 0 computed recently by Lim et al. 36 at the CCSD(T)/aug-cc-pVTZ level.

B. Equilibrium structure of the complex

The equilibrium structure of the NH 3 -H 2 complex is found to be axial, with molecular hydrogen colinear with the C 3 symmetry axis of ammonia. The H 2 monomer approaches NH 3 from the nitrogen side. This axial arrangement is described by β e = π and θ e = 0, π in terms of the coordinates shown in Fig. 1. The other structural parameters, obtained at the CCSD(T) level of theory with the aug-cc-pVXZ basis sets (X=D,T,Q) are gathered in Table III. One may note that the geomery optimization is carried out at the CP uncorrected level. For the augcc-pVXZ series, the convergence of the cc-pVQZ results appears to be better than 0.005 a 0 for the bond lengths and 0.1 • for the angular coordinates.

An axial equilibrium structure for NH 3 -H 2 was also found in the previous study by Jacox and Thompson 5 , who obtained an equilibrium configuration [d e , r e (NH), R e , δ e , ρ e ] given at the RMP2/6-311++G(3df,3pd) level of theory by [1.397 a 0 , 1.912 a 0 , 5.469 a 0 , 106.7 • , 111.9 • ]. In Ref. 5, the electronic dissociation energy is estimated to be about 215 cm -1 at the MP2 level.

The monomer coordinates change only slightly upon complexation, as seen by a comparison of Tables II andIII. Whereas the ammonia moiety exhibits variations within only about 0.001 a 0 and 0.1 • , the bond length of hydrogen increases by ca. 0.005 a 0 in the complex. The effect of the fragment relaxation to the electronic binding energy is found to be small and on the order of 1 cm -1 , again with a markedly asymmetric distribution over the monomers amounting to contributions of ca. 0.01 cm -1 and 0.90 cm -1 for NH 3 and H 2 , respectively. The equilibrium rotational constants for the complex NH 3 -H 2 and for the two monomers, H 2 and NH 3 , are summarized here for the equilibrium CCSD(T)/aug-cc-pVQZ geometry of Tables II andIII. For the complex, the values of A e , B e , C e are calculated to be 6.348, 0.678, 0.678 cm -1 (prolate symmetric top). For ammonia, we obtain 9.951, 9.951, 6.346 cm -1 (oblate symmetric top), which may be compared with the experimental A 0 , B 0 , C 0 results 28 of 9.9443, 9.9443, 6.196 cm -1 . For molecular hydrogen, the computed value for B e of 60.76 cm -1 compares very well with the value extracted from experiments 39 B e =60.853 cm -1 .

The harmonic frequencies of the NH 3 -H 2 complex, computed by numerical second derivatives at the equilibrium geometry of Table III, are compared with the harmonic frequencies of the monomers in Table IV. The frequencies near 4400 cm -1 and 1060 cm -1 corresponding to the H-H stretching mode of the H 2 subunit and to the inversion of the NH 3 moiety exhibit changes of ca.

-38 cm -1 and +7 cm -1 , respectively, upon complexation. In the complex, there are five low frequency modes, associated with intermolecular motions. In a system as anharmonic and floppy as NH 3 -H 2 harmonic frequencies can only be very crude approximations. Besides clearly identifying the structure as a true minimum they show, however, interesting trends: The amount of the hydrogen vibrational red shift significantly exceeds the shift of any of the ammonia vibrational modes. The ammonia inversion motion shows a noticeable blue shift, as experimentally observed for NH 3 embedded into liquid helium clusters 11 .

In the present study, only valence correlations were evaluated. The importance of core correlation was tested for the aug-cc-pCVTZ basis set. [START_REF] Woon | [END_REF] We found that the CCSD(T)/aug-cc-pCVTZ equilibrium structure [d e , r e (NH), R e , ρ e ] given by [1.409a 0 , 1.916a 0 , 6.007a 0 , 112.6 • ] for the all electron correlation treatment shows excellent agreement with the frozen-core CCSD(T)/augcc-pVTZ geometry of Table III. The binding energy at the aug-cc-pCVTZ level was found to be 270.7 and 242.9 cm -1 in the uncorrected and counterpoise corrected situation, respectively, deviating by 0.3 and 0.8 cm -1 from the corresponding values of Table III.

C. Dissociation energy

The classical binding (dissociation) energies in Table III were III are lower by up to 13 cm -1 (5 %) and 27 cm -1 (11 %), respectively, than the corresponding CCSD(T) values.

Since BSSE introduces a nonphysical attraction be- tween monomers, CP corrections lead to a less stable complex and D CP e values smaller than the corresponding D e . For the NH 3 -H 2 complex in Table III, D CP e is lower by ca. 125, 29, 10 cm -1 than D e for the aug-cc-pVXZ series with X=D,T,Q, respectively. As expected, the residual BSSE effect is larger for the smallest basis set. While both series of D e values appear to converge in a satisfactory way towards a common limit it is evident that the standard CP correction is overshooting noticeably and that corrected values are only slightly better than uncorrected ones, an effect that has been reported previously for other intermolecular complexes 25 .

As an attempt to assess the complete basis set limit, the dissociation energies of Table III were approximated in a simple fashion by

D e (x) = D ∞ e + Ae -bx , (5) 
where x = 2, 3, 4 for the basis set cardinal number X=D,T,Q. This extrapolation procedure yields D ∞ e values of 257 and 251 cm -1 for the uncorrected and CP corrected energies, respectively. Employing an exponential fit to SCF energies and the two-parameter formula a + b/x 3 for correlation contributions, as previously suggested by Helgaker et al., 41 we find values of 254 cm -1 and 252 cm -1 from uncorrected and CP corrected energies, respectively. At this step of our study, we carried out also a single point calculation with the aug-cc-pV5Z basis, using the optimized aug-cc-pVQZ geometry of Table III. These calculations have given D e of 254 cm -1 and D CP e of 252 cm -1 for the aug-cc-pV5Z set, leading to an estimate of ca. 253 cm -1 for the classical binding energy of NH 3 -H 2 .

In order to further investigate the basis set saturation effect, the standard correlation consistent, cc-pVXZ, and doubly augmented correlation consistent, d-aug-cc-pVXZ, series were additionally tested for the determination of the dissociation energy of the complex. These results are displayed in Fig. 2. As seen there, the uncorrected D e dissociation energies clearly approach the complete basis set limit from above, whereas the CP corrected D CP e results do so from below. The cc-pVXZ family approaches the complete basis set limit in the slowest fashion, due to the lack of diffuse functions.

The CP uncorrected results in Fig. 2 for the the daug-cc-pVXZ family are in fact somewhat worse than the corresponding aug-cc-pVXZ values. Furthermore we encountered a linear dependence in this basis set at the relevant geometries. Since the latter effect was found to be due to the d-aug-cc-pV5Z basis sets on the hydrogen atoms of the H 2 unit, subsequent calculations were carried out employing a set constructed from the d-augcc-pVXZ functions for nitrogen and aug-cc-pVXZ functions for hydrogen. This basis set is denoted here by daug-cc-pVXZ(N)/aug-cc-pVXZ(H). The performance of the aug-cc-pVXZ family and the combined d-aug-cc-pVXZ(N)/aug-cc-pVXZ(H) series for X > 2 appears to a large extent comparable.

The actual D 0 dissociation energy is related to the electronic dissociation energy of about 250 cm -1 in a non trivial way. The five intermolecular vibrational modes disappear upon dissociation and correlate with fragment translation and rotation. A crude estimate of their zero point energy contribution based on the harmonic frequencies from Table IV would in fact predict the absence of any bound state assuming dissociation into J = 0 fragments. Massive anharmonic corrections to this estimate are required to allow D 0 > 0. D 0 is probably very small and angular momentum constraints could lead to the existence of excited states which are more strongly bound with respect to their rotational asymptote. 4,6,7 

D. Radial profiles

The variation of the CCSD(T)/aug-cc-pVXZ potential energy along the intermolecular distance R is displayed in Fig. 3. The energy profiles shown there have been computed for the axial equilibrium arrangement described by β e = π, assuming rigid monomers at their optimized stucture of Table II. On the right hand side of Fig. 3, we also show the variation of the z component of the dipole moment, µ z , computed at the MP2 level along the distance R.

The radial potential energy profiles in Fig. 3 show that the CP correction increases the optimum intermolecular distances. From polynomial fits to calculated radial data near the minimum of Fig. 3 for the aug-cc-pVXZ families of X=D,T,Q, we have determined R opt of 5.917, 6.013, 6.013 a 0 for the uncorrected values and 6.201, 6.082, 6.043 a 0 for the CP corrected results, respectively. An exponential extrapolation of the R opt values in the spirit of Eq. 5 gives R ∞ opt of 6.013 a 0 and 6.025 a 0 for the uncorrected and CP corrected situation, respectively. One may note that the inclusion of monomer relaxation in the optimization procedure affects the optimum R by 0.002-0.003 a 0 , as a comparison of the uncorrected R opt estimated for the data of Fig. 3 and the results of Table III shows.

Compared to the µ z value of ammonia, the dipole moment µ z of the NH 3 -H 2 complex is significantly (ca. 11%) enhanced, see Tables II andIII. Upon dissociation it slowly approaches the free ammonia limit in Fig. 3 (right) from above. For the aug-cc-pVDZ and augcc-pVQZ basis sets, µ z assumes values of 0.6189 and 0.6074 ea 2 0 at R = 15 a 0 and of 0.6155 and 0.6046 ea 2 0 at R = 25 a 0 , thus exhibiting a lowering of ca. 0.0030 ea 2 0 in this distance range. The CCSD(T)/aug-cc-pVQZ and MP2/aug-cc-pVQZ results for µ z of the free ammonia molecule are 0.599 and 0.604 ea 0 , as listed in Table II.

E. Angular profiles

The intermolecular angular motion plays a major role in the internal dynamics of weakly bound systems, primarily due to its large amplitude character. The latter feature may lead to pronounced coupling between intermolecular angular and radial vibrational modes, as well as to important coupling with the overall rotational momentum. We have thus investigated in some detail the angular properties of the potential energy surface for energy along the azimuthal angle α for chosen values of the polar angle β is shown in Fig. 4. The two angles, α and β, considered first specify the orientation of the intermolecular vector R with respect to the ammonia subunit, see Fig. 1. For a given (β, α) pair, the complex geometry was optimized for pyramidal ammonia with respect to the remaining six coordinates, {d, d H , d N , R, θ, γ}. Two types of energy profiles along the angle α may be readily identified in Fig. 4. The paths along the azimuthal angle α computed for β larger than 75 • exhibit a single minimum at α = 60 • . For β smaller than 75 • , the profiles exhibit two symmetry equivalent minima for α of 0 • and 120 • . The potential energy profile calculated for β = 75 • possesses three nearly equivalent minima, which are separated by very small barriers of ca. 8 cm -1 . Note that α = 60 • corresponds to the intermolecular vector R spatially oriented between two hydrogen atoms of ammonia (called a middle position here), whereas R is placed above one of the three H atoms of NH 3 for α = 0, 120 • (called a NH line position here).

Along the optimized energy profiles of Fig. 4, the most prominent changes are found for the intermolecular distance R. The corresponding variations in R opt are displayed in Fig. 5. The minimum and maximum values of R opt for a given polar angle β are seen there for α = 60 • and α = 120 • , respectively. For e.g. β = 85 • , the distance R opt varies between 6.03 a 0 (for α = 60 • ) and 6.53 a 0 (for α = 0 • , 120 • ). This R opt variation is associated with an energy change of only 18 cm -1 .

Along the energy profiles of Fig. 4, the three distances d H , d N , and d vary within about 0.003 a 0 , 0.006 a 0 , and 0.004 a 0 , respectively. These small changes of d H , d N , and d indicate that the monomers stay to a great extent rigid during the orbital motion of the vector R around the NH 3 moiety. Since the energy profiles in Fig. 4 readily show two distinct regions around α = 60 • and α = 120 • , we have decided to examine these subspaces in more detail using the CCSD(T)/aug-cc-pVXZ approach for X=D,T,Q. The energy profiles along the coordinate β, computed for rigid monomers at their respective optimum geometry of Table II, are displayed for α = 120 • and α = 60 • in Figs. 6 and7, respectively. The optimization was performed with respect to R and θ, assuming γ = 0 • . Note that all points on the energy profiles in Figs. 6 and7 correspond to electronically bound arrangements of the complex.

At the double-zeta level, the CP uncorrected profiles in Figs. 6 and7 show an additional minimum for the configuration involving an inverted ammonia subunit (when β = 0 • ) with additional flattening around β = 90 • for α = 120 • . The CP uncorrected and CP corrected profiles from the aug-cc-pVTZ and aug-cc-pVQZ calculations are, however, less structured, exhibiting a single minimum at β = 180 • . The optimum CCSD(T)/aug-cc-pVQZ arrangements with β = 0 • lie 188 and 182 cm -1 above the minimum β = 180 • arrangements in the CP uncorrected and CP corrected situation, respectively.

Figure 8 shows the variation of the absolute value of the dipole moment

| µ |= µ 2 x + µ 2 y + µ 2 z . (6) 
along the optimum β paths shown in Figs. 6 and7 and in relation to the permanent dipole moment of ammonia.

The energy difference ∆E α ,

∆E α = E opt (α = 120 • ) -E opt (α = 60 • ), (7) 
between the optimum α = 120 • and optimum α = 60 • configurations as a function of the angle β is seen in Fig. 9, where the CP uncorrected aug-cc-pVXZ results for X=D,T,Q are used. The ∆E α values obtained from CP uncorrected and CP corrected CCSD(T)/aug-cc-pVXT energies with X=T and Q are compared in Fig. 10. There, ∆E α = 0 is seen for β ≈ 85 • , 75 • , and 70 • for X=D, T and Q, respectively. For CP uncorrected and CP corrected aug-cc-pVTZ results in Fig. 10, we have ∆E α = 0 at respectively β ≈ 75 • and β ≈ 65 • . At the quadruple-zeta level, the difference between zeroes of ∆E α from the CP uncorrected and CP corrected calculations is small (in order of a degree). One may note that the N-H distance vector encloses a β angle of about 67 • with the C 3 symmetry axis of ammonia.

As seen in Figs. 4,9, and 10, the preferential position of the intermolecular R vector is characterized by α = The orientation of molecular hydrogen around ammonia is described by two angles, θ and γ, as shown in Fig. 1. The properties of the potential energy surface with respect to these two angles are described next.

In Fig. 11, we first consider the variation of the CCSD(T)/aug-cc-pVTZ energy with the polar angle θ for selected orientations of the intermolecular vector R with respect to the C 3v axis of NH 3 . In these calculations, rigid monomers are oriented such that α = 60 • and γ = 0 • are assumed. The calculations have been performed by optimizing the intermolecular distance R.

Molecular hydrogen is aligned (θ = 0, 180 • ) with the intermolecular vector R for β = 180 • (equilibrium) and β = 0 • (inverted NH 3 ). The minima with β = 180 • and β = 0 • in Fig. 11 are lying ca. 270 and 45 cm -1 lower than the corresponding T-shaped forms (θ = 90 • ), respectively. In the course of orbiting of R about the NH 3 moiety, the H 2 subunit preferentially assumes bent positions, i.e. θ = 0, 180 • . The minimum θ value of 90 • is seen in Fig. 11 for the energy profile computed for β = 55 • .

The internal rotation of H 2 described with the help of the angles θ and γ is graphically displayed in Figs. 12 and 13 for β = 180 • , 0 • (equilibrium, inverted NH 3 ) and for β = 67.2 • (NH line position), respectively. Molecular hydrogen clearly exhibits a somewhat hindered internal rotation in arrangements near the global minimum at β = 180 • , whereas in those with β = 0 • H 2 performs nearly free rotation encountering a small barrier of only 25 cm -1 , Fig. 12.

For the intermolecular vector R enclosing with the C 3v axis of NH 3 the same angle as N-H bond-distance vectors of pyramidal NH 3 , molecular hydrogen preferentially assumes a T-shaped orientation described by θ ≈ 90 • . This is seen in Fig. 13, where we show the CP corrected CCSD(T)/aug-cc-pVTZ energies computed for rigid monomers by optimizing both the intermolecular distance R and the H-H distance in H 2 . For β = 67.2 • , the internal rotation of H 2 about NH 3 is also somewhat hindered around θ = 90 • for α = 120 • and θ = 75, 105 • for α = 60 • . One may additionally note that the potential energy is only weakly anisotropic along the azimuthal angle γ for β = 67.2 • and α = 120 • in Fig. 13 and for β = 180, 0 • in Fig. 12.

IV. CONCLUSION

The intermolecular potential energy surface for the van der Waals complex between ammonia and molecular hydrogen has been studied by means of high-level ab initio calculations employing several families of one-electron basis set families. The potential energy surface becomes progressively less structured as the basis set size is increased. The effect of the basis set superposition error on the interaction energy has been analysed and is found to become very small at the aug-cc-pVQZ level. At this level the weak local minimum with H 2 on the hydrogen side of the NH 3 symmetry axis disappears in favor of a large flat region of the potential with respect to H 2 position and orientation. The only remaining minimum is found to correspond to H 2 on the C 3v axis near the nitrogen atom. This minimum is bound by D e = 253 cm -1 for H 2 aligned with the C 3v axis. The potential rises steeply for other H 2 orientations indicating somewhat hindered internal rotation. The analysis of minimum energy paths along selected angular coordinate combinations shows the presence of pronounced angular-radial coupling (Figs. 5 and 12). A global minimum with H 2 near a lone pair corresponds to the situation found in H 2 O-H 2 9,17 but differs from the best minimum found for HF-H 2 42 . Anharmonic vibrational corrections to the binding energy are expected to be very large and D 0 is probably only a small fraction of D e . D 0 values as small as 20% of D e are known from theoretical work for complexes between molecules and helium 43 and a combined experimental and theoretical analysis of the NH-H 2 complex 44 has given D e = 116.3 cm -1 and D 0 = 32 ± 2 cm -1 .

The topographical features of the NH 3 -H 2 interaction revealed by the present explorations supply important input for the construction of an analytical representation of the full 5-dimensional surface whose construction is under way. This surface will allow the immediate determination of D 0 by quantum Monte Carlo and/or variational methods 45 .

FIG. 1 :

 1 FIG. 1: Description of the internal geometry of the intermolecular complex NH3-H2 with pyramidal C3v ammonia. The lengths of the four vectors d, R, (3) s, and p are d, R, dN, and dH, respectively. The four angular coordinates {α, β, γ, θ} describe a mutual orientation of the four internal vectors. For more details, see the text.

  by the expressions d H = r NH sin ρ and ( √ 3/2)d H = r NH sin(δ/2).

  computed at equilibrium as D e = -E int and D CP e = -E CP int with the help of Eqs. (1) and (2). Note that the parameters with the superscript CP refer to counterpoise corrected results. The values for D e and D CP e at second order Møller-Plesset perturbation theory (MP2) level and coupled cluster CCSD level were estimated for the optimized CCSD(T) geometries. The MP2 and CCSD results for D CP e in Table

FIG. 2 :

 2 FIG. 2: Variation of the uncorrected De and counterpoise corrected D CP e dissociation energy with the basis set cardinal number x = 2 -5, where x = 2, 3, 4 stands for X=D,T,Q, respectively. The basis sets cc-pVXZ, aug-cc-pVXZ, and d-augcc-pVXZ are denoted by VXZ, AVXZ, and DAVXZ, respectively. The basis set employing the d-aug-cc-pVXZ functions for nitrogen and aug-cc-pVXZ for hydrogen is abbreviated as DAVXZ(N)/AVXZ(H).

FIG. 3 :

 3 FIG.3: Variation of the potential energy (left) and variation of the MP2 dipole moment (right) with the intermolecular distance R for the axial equilibrium arrangement of the NH3-H2 complex. The dipole moment of the free ammonia molecule is indicated by the horizontal lines in the figure on the right hand side. The aug-cc-pVTZ and aug-cc-pVQZ results for µz appear identical on the scale of the figure.
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 45 FIG. 4: Variation of the CCSD(T)/aug-cc-pVTZ potential energy along the azimuthal angle α for chosen values of the polar angle β, computed by optimizing the remaining six coordinates {d, dH, dN, R, θ, γ}. The curves shown are measured relative to the energy of the optimum equilibrium configuration.
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 67 FIG.6: Energy profiles along the polar angle β computed for the rigid monomers and the angle α equal to 120 • . The curves are obtained by the two-dimensional energy optimization with respect to R and θ, assuming γ = 0 • . The zero energy is defined as the energy of infinitely separated monomers.

FIG. 8 :

 8 FIG. 8: Variation of the MP2 dipole moment | µ | along the CCSD(T)/aug-cc-pVQZ optimum energy paths shown in Figs. 6 and 7. The horizontal line at | µ |=0.599 eao shows the corresponding value for the dipole moment of free ammonia.

FIG. 9 :

 9 FIG. 9: Energy difference E(α = 120 • ) -E(α = 60 • ) as a function of the angle β, obtained from the CP uncorrected CCSD(T)/aug-cc-pVXZ energy profiles (X=D, T, and Q), shown in Figs. 6 and 7.

FIG. 10 :

 10 FIG.10: Same as Fig.9, only from the CP uncorrected and CP corrected CCSD(T)/aug-cc-pVXZ energies obtained using the basis sets of X=T and Q.

FIG. 11 :

 11 FIG.11: Variation of the CCSD(T)/aug-cc-pVTZ potential energy along the polar angle θ for selected β orientations of the intermolecular vector R. The curves shown are computed for rigid monomers by the one-dimensional optimization with respect to R, assuming α = 60 • and γ = 0 • .

FIG. 12 :

 12 FIG.12: CP corrected CCSD(T)/aug-cc-pVTZ energies computed for a chosen angular (θ, γ) grid and β = 180 • , 0 • assuming rigid monomers. The H-H distance d of H2 is optimized here. The lower of the two curves shown for a given β value is computed by optimizing also the intermolecular distance R.

FIG. 13 :

 13 FIG. 13: CP corrected CCSD(T)/aug-cc-pVTZ potential energies computed for a chosen angular (θ, γ) grid, employing rigid monomers and NH line oriented molecular hydrogen (β = 67.2 • ). The intermolecular distance R and H-H distance d of H2 are optimized. Both α = 60 • situation (upper figures) and α = 120 • situation (lower figures) are considered. The variation of the potential energy along the angle θ for chosen values of γ are shown on the left hand side. The two-dimensional (θ, γ) maps shown on the right hand side are obtained with the help of a spline routine. Contour lines are drawn in intervals of 5 cm -1 with the first contour placed at -100 cm -1 for both α = 60 • and α = 120 • .

TABLE I :

 I Transformation of the angular coordinates α, β, γ,

	and θ under the spatial inversion Ĵv, the exchange σ3(NH3)
	of the three H atoms in NH3, and the exchange σ2(H2) of the
	H atoms in H2.		
	Ĵv	σ3(NH3)	σ2(H2)

TABLE II :

 II Equilibrium geometry and electric properties of the H2 and NH3 monomers from CCSD(T) calculations. The MP2 results for µz, α, ∆α, and Θzz were evaluated at the optimized CCSD(T) geometry. The bond distances are in bohr, bond angles in degrees, and electric properties in atomic units. The superscript given along with the experimental values refers to the source reference.

				H2				NH3	
		re(HH)	(α, ∆α)	Θzz	re(NH) ∠(HNH)e	ρe	µz	(α, ∆α)	Θzz
	aug-cc-pVDZ	1.439	(5.25,2.33)	0.408	1.935	105.9	112.8	0.606	(14.02,1.43)	-2.178
	MP2		(5.26,2.33)	0.426				0.615	(14.11,1.52)	-2.233
	aug-cc-pVTZ	1.404	(5.22,1.81)	0.463	1.918	106.4	112.4	0.598	(14.08,1.50)	-2.168
	MP2		(5.23,1.83)	0.478				0.604	(14.20,1.69)	-2.216
	aug-cc-pVQZ	1.402	(5.20,1.82)	0.458	1.914	106.6	112.2	0.599	(14.06,1.58)	-2.178
	MP2		(5.21,1.84)	0.474				0.604	(14.19,1.82)	-2.225
	exp	1.401 28	5.314 29	0.460±0.021 30 1.913 28	106.67 28	112.15 28 0.594 31	14.19 29	-2.45±0.3 32
	by finite differencing, the only approach available at the					
	CCSD(T) level, was verified at the MP2 level by compar-					
	ing finite-field results with dipole moment expectation					
	values computed by means of analytical energy deriva-					
	tives available for MP2 in the MOLPRO implementation.					

TABLE III :

 III Structural parameters of the intermolecular complex NH3-H2 obtained at the CCSD(T)/aug-cc-pVXZ level (X=D,T,Q). The MP2 and CCSD results shown here are computed for the CCSD(T) optimized geometries. The superscript CP indicates counterpoise corrected results. The bond distances are given in bohr, angles in degrees, dissociation energies in cm -1 , and electric properies in atomic units. The angle δ stands for ∠(HNH) and ρ for the umbrella angle. For the definition of the other coordinates, see the text.

		aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ
	de	1.444	1.408	1.406
	dN,e	0.750	0.731	0.726
	dH,e	1.783	1.773	1.771
	re(NH)	1.934	1.918	1.914
	Re	5.915	6.010	6.010
	δe	105.9	106.4	106.5
	ρe	112.8	112.4	112.3
	De	326.4	271.0	260.0
	D CP e	201.3	242.1	249.6
	D CP e (MP2)	196.1	229.1	237.1
	D CP e (CCSD)	177.9	216.5	222.7
	µz	0.686	0.672	0.672
	µz (MP2)	0.694	0.678	0.677
	α	19.60	19.50	19.43
	α (MP2)	19.67	19.63	19.58
	∆α	6.18	5.45	5.44
	∆α (MP2)	6.22	5.61	5.64
	Θzz	-1.699	-1.578	-1.583
	Θzz (MP2)	-1.726	-1.609	-1.615

TABLE IV :

 IV Harmonic frequencies (in cm -1 ) of the NH3-H2 complex and the monomers, H2 and NH3, calculated for the equilibrium geometries of TableIand TableIII, employing the CCSD(T) method in combination with the aug-cc-pVTZ and aug-cc-pVQZ basis sets.

		aug-cc-pVTZ	aug-cc-pVQZ
		NH3-H2	H2/NH3	NH3-H2	H2/NH3
	ω1(H-H)	4363	4401	4361	4399
	ω2,3	3591	3592	3605	3607
	ω4	3462	3464	3475	3476
	ω5,6	1672	1672	1674	1674
	ω7	1070	1063	1066	1059
	ω8,9	344		329	
	ω10	141		139	
	ω11	48		42	
	ω12	46		31	
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