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Energy-switching potential energy surface for the water molecule revisited: A highly accurate singled-sheeted form B. R. L. Galvão, S. P. J. Rodrigues, and A. J. C. Varandasa兲 Departamento de Química, Universidade de Coimbra, 3004-535 Coimbra, Portugal



共Received 24 April 2008; accepted 11 June 2008; published online 22 July 2008兲 A global ab initio potential energy surface is proposed for the water molecule by energy-switching/ merging a highly accurate isotope-dependent local potential function reported by Polyansky et al. 关Science 299, 539 共2003兲兴 with a global form of the many-body expansion type suitably adapted to account explicitly for the dynamical correlation and parametrized from extensive accurate multireference configuration interaction energies extrapolated to the complete basis set limit. The new function mimics also the complicated ⌺ / ⌸ crossing that arises at linear geometries of the water molecule. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2953580兴 I. INTRODUCTION



The energy-switching1 共ES兲 approach aims at providing the accuracy of a local spectroscopically determined polynomial to a global form fitted to ab initio energies and/or other information, by switching from one to the other along the energy coordinate. The method has been successfully applied to the potential energy surfaces 共PESs兲 of triatomic and tetratomic molecules including multisheeted ones, having originated some of the most accurate global forms reported thus far for those systems.1–6 Recently, extensive ab initio calculations capable of achieving near-spectroscopic accuracy have been reported ¯ 1A⬘兲 of the water molecule7,8 共see also for the ground state 共X Ref. 9 for one of the first PESs that achieved accuracy in the few cm−1 range in the immediate neighborhood of the equilibrium geometry兲. In that work,7,8 the calculated ab initio energies were extrapolated to the complete basis set limit with standard schemes10,11 and corrections added to account for small energy contributions. These include core correlation,12 first-order perturbation theory one-electron mass velocity and Darwin term, first-order perturbation theory two-electron contribution to the Darwin term, Breit interaction, one-electron Lamb shift, and the diagonal Born– Oppenheimer correction. The calculated energies, which cover regions up to 25 000 cm−1 above the minimum of the potential well, have further been fitted to different and independent functional forms. The isotope-dependent local PES so obtained by summing all such contributions has been named7,8 as CVRQD, a notation that we keep hereinafter. As noted above, the CVRQD form is valid for energies up to 25 000 cm−1, and hence cannot be generally used for dynamics studies, particularly those for the reaction O共 1D兲 + H2共X 1⌺+g 兲 → OH共X 2⌸兲 + H共 2S兲. In the present work, we propose to extend its domain of validity by making it reproduce the correct behavior over the whole configuration space of the molecule. This will be achieved by merging the local a兲
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CVRQD form with a global PES of the many-body expansion13 共MBE兲 type 关suitably upgraded to explicitly include the dynamical correlation 共DC兲 as in double MBE 共Refs. 14 and 15兲 theory, and hence termed MBE/DC兴 via the ES 共Ref. 1兲 scheme. In the new PES, dubbed ES-1v-II to recognize its singlesheeted 共1v兲 nature and the fact that it upgrades a previous form1 of the same family 共here denoted as ES-1v-I兲, the CVRQD potential will contribute with an accurate ab initio behavior for regions of the potential well up to about 25 000 cm−1 and will be continued at higher energies by the MBE/DC global PES. This differs from previous work1 in that it has been suitably modified to show the proper behavior at the locus of the ⌺ / ⌸ conical intersection arising for collinear geometries and remove small unphysical features 共e.g., for the H atom attack to OH at small valence angles兲. For this purpose, we have utilized local Gaussian-type threebody terms calibrated such as to reproduce the differences between the original MBE/DC PES and an extensive set of ab initio energies calculated anew in the present work using the internally contracted multireference configuration interaction method with the popular quasidegenerate Davidson correction for quadruple excitations 关MRCI共Q兲兴. Such energies have been further extrapolated to the complete one electron basis set 共CBS兲 limit by using the hybrid correlation scaling 共CS兲 uniform singlet- and triplet-pair extrapolation16 共USTE兲 method with a single pivotal geometry for the CS 关denoted CS1 / USTE共T , Q兲兴. The paper is organized as follows. Section II provides a description of the CS/extrapolation of the ab initio energies, while Sec. III gives the details of the corrections made in the original global MBE/DC potential function. In turn, Sec. IV summarizes the ES procedure, and Sec. V the main results and features of the new PES. Some conclusions are in Sec. VI. II. AB INITIO CALCULATIONS AND EXTRAPOLATION SCHEME



In this work, we have used an extrapolation scheme16 that allows the prediction of ab initio energies at the CBS
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Galvão, Rodrigues, and Varandas TABLE I. Fitted coefficients of Gaussian part of Eq. 共6兲. i



bi1 / a−2 0



R0i1 / a0



bi2 / a−2 0



R0i2 / a0



bi3 / a−2 0



0 Ri3 / a0



1 2 4 5 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36



0.264 191 17 1.090 382 80 0.816 481 21 0.148 955 79 0.009 842 28 0.136 237 09 0.389 745 73 0.534 009 97 0.742 299 94 0.737 052 86 0.944 074 13 0.167 354 19 0.643 422 26 1.145 802 40 0.730 698 71 0.213 175 74 0.891 998 02 0.703 119 70 8.440 049 90 3.565 438 30



2.159 076 70 2.100 329 80 1.649 841 40 −0.028 404 82 −5.620 763 80 −0.097 815 45 1.761 554 70 1.442 590 60 2.876 212 60 2.580 001 60 0.071 254 70 0.080 049 53 2.001 109 90 1.620 316 10 2.851 697 90 1.846 039 20 2.836 271 20 2.139 430 00 1.466 400 00 2.379 094 70



0.264 191 17 0.973 006 41 0.816 481 21 0.148 955 79 0.498 718 98 0.278 564 27 2.622 919 70 1.380 052 90 0.010 239 77 0.103 676 89 2.369 776 80 0.529 168 06 0.827 094 16 0.764 130 56 0.084 891 12 0.711 557 58 0.107 613 26 0.357 407 07 33.057 822 00 20.105 490 00



2.159 076 70 1.033 660 30 1.649 841 40 −0.028 404 82 2.482 977 10 0.568 552 81 1.609 231 00 1.722 220 10 9.306 752 50 2.079 570 20 2.137 895 60 1.200 917 30 1.365 643 50 1.689 270 80 4.614 987 00 1.221 829 90 0.173 192 89 1.282 616 20 3.188 377 90 3.623 022 50



1.425 853 30 1.811 609 70 1.618 454 60 1.787 999 10 3.351 300 30 1.823 974 80 0.635 580 70 1.566 585 80 0.825 963 35 0.813 123 50 0.395 001 15 0.714 090 80 0.730 760 10 0.839 685 53 0.526 748 74 0.784 410 99 0.759 870 71 0.240 451 27 15.246 358 00 0.469 805 00



0.908 987 45 1.224 764 00 0.912 500 77 1.098 454 40 2.163 604 50 1.121 564 30 1.054 538 20 0.957 656 23 4.570 817 20 3.526 564 30 8.706 489 20 5.662 203 00 5.278 494 30 5.067 419 90 4.472 527 20 5.682 441 60 5.191 141 50 5.600 313 90 4.666 400 00 6.594 463 00



limit by using small basis sets of the aug-cc-pCVXZ 共Ref. 17兲 共abbreviated ACVXZ兲 family. The raw energies have been computed by using the MRCI共Q兲 共Refs. 18 and 19兲 method as implemented in the MOLPRO 共Ref. 20兲 suite of programs for electronic structure calculations. The CS1 / USTE共T , Q兲 method involves six basic steps:16 共a兲 calculation of the PES as a grid of MRCI共Q兲 energies with both the X − 2 and X − 1 basis sets, followed by similar calculations for some prechosen geometries 共pivots兲 with the target basis set of cardinal number X 共here chosen as X = Q : 4兲; 共b兲 calculation for all considered geometries of the PES at the reference complete-active-space 共CAS兲 level with the target basis set; 共c兲 extrapolation to the CBS limit 共i.e., X = ⬁兲 of the CAS PES; 共d兲 prediction by extrapolation to X = ⬁ of the DC energy at the pivots by using the USTE 共Ref. 21兲 method; 共e兲 prediction of the CBS DC energies of the remaining points by CS 共Ref. 22兲 using the X = D , T and CBS DC energies at the pivots; 共f兲 calculation of the full CBS PES by adding the CAS/CBS and extrapolated DC energies from step 共c兲 and 共d兲 and 共e兲. The extrapolation in step 共c兲 of the raw CAS energies has been performed with the two-point extrapolation protocol proposed by Karton and Martin,23 EXCAS共R兲 = E⬁CAS共R兲 + B/X5.34 ,



共1兲



where R specifies the three-dimensional vector of space coordinates. Recall that these extrapolations 共as well as those reported in the following paragraph兲 are carried pointwise, with E⬁CAS and B being parameters determined from a fit to the raw CAS energies calculated with the TZ and QZ basis sets. Similarly, the USTE extrapolation needed in step 共d兲 assumes the form21



5 EX = E⬁ + A3/共X + ␣兲3 + 关A5共0兲 + cA5/4 3 兴/共X + ␣兲 ,



共2兲



where A5共0兲 = 0.003 768 545 9Eh and c = −1.178 477 with ␣ = −3.0/ 8.0. Note that the CBS extrapolated DC energies are obtained using a twofold scheme. First, the correlation energies at the pivotal geometries are CBS extrapolated by using Eq. 共2兲 with the 共T , Q兲 pair of calculated raw values. Then, the correlation energies at the remaining geometries are obtained by using the CS method which, for a single pivotal geometry, assumes the form22 13E−1/4 h ,



⌬E⬁dc共R兲 = ⬁,3共R兲⌬Edc 3 共R兲,



共3兲



where ⌬Edc = E − ECAS stands for the DC energy, and the basis sets are indicated by the cardinal numbers in subscript 共note that the CBS limit corresponds to X = ⬁兲; E stands for the total MRCI共Q兲 energy. In turn, the scaling function  assumes the form



⬁,3共R兲 = 1 +



S3,2共R兲 − 1 关S⬁,3共Re兲 − 1兴, S3,2共Re兲 − 1



共4兲



where Re indicates the pivotal geometry, and Sm,n共R兲 =



dc ⌬Em 共R兲



⌬Edc n 共R兲



.



共5兲



Thus, CBS extrapolation via Eq. 共3兲 utilizes the correlation energies calculated with the X = D : 2 and X = T : 3 basis sets using a single pivotal geometry at which the correlation energy has also been calculated with the X = Q : 4 basis set; for further details, we address the reader to the original paper.16 Suffice it to say here that the reference geometry 共Re兲 can be any point of the PES. For the present work, we have chosen a configuration with an intermediate energy which, in Jacobi coordinates, is defined by RHH = 1.25Rm, r = 1.0 Å 共this is the distance from the oxygen atom to the center of mass of the hydrogen molecule兲, and ␣ = 90°; Rm is the distance of H2 at
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ci0



ci1



ci2



0.321 323 02⫻ 10+1



−0.563 516 21⫻ 10+0



0.148 042 72⫻ 10+1



2, 3



+1



+1



+1



0.119 140 16⫻ 10



+1



−0.123 836 04⫻ 10



+1



−0.289 292 00⫻ 10



ci4



ci5



ci6



¯



−0.954 564 42⫻ 10+0



0.804 429 06⫻ 10−1



¯



¯



4



0.773 371 39⫻ 10



¯



¯



5



−0.184 580 13⫻ 10+1



0.152 629 12⫻ 10+2



−0.483 212 28⫻ 10+2



¯



6, 7



0.129 412 53⫻ 10−1



−0.281 087 44⫻ 10−1



0.144 561 02⫻ 10−2



¯



8, 9



−0.199 767 76⫻ 10



+0



+1



+2



0.206 658 04⫻ 10



−1



10, 11 12, 13



+1



−0.202 659 83⫻ 10



0.492 603 84⫻ 10



−0.593 087 80⫻ 10



+0



0.231 953 77⫻ 10



+1



−0.277 197 58⫻ 10



0.214 904 96⫻ 10



−1



−0.943 679 68⫻ 10



−1



−0.237 054 35⫻ 10



¯



0.560 624 52⫻ 10 ¯



¯



¯



¯



0.198 371 72⫻ 10+1



¯



¯



¯



0.195 935 53⫻ 10−1



¯



¯



¯



¯



¯



¯



¯



¯



0.725 150 66⫻ 10−3



0.275 549 18⫻ 10−3



0.505 124 25⫻ 10−5



−0.791 568 58⫻ 10+0



0.417 745 85⫻ 10−1



16, 17



0.208 587 72⫻ 10



+1



−1



0.398 890 77⫻ 10



−3



0.884 058 11⫻ 10



−3



+0



−1



18, 19



0.398 948 21⫻ 10+5



−0.403 471 69⫻ 10+3



−0.555 340 39⫻ 10+3



0.501 934 52⫻ 10+2



¯



20, 21



−0.123 452 65⫻ 10+3



0.119 989 75⫻ 10+1



−0.482 849 92⫻ 10+0



¯



22, 23



0.563 186 65⫻ 10



+2



+0



+0



−0.356 493 17⫻ 10



¯



24, 25



−0.258 805 03⫻ 10+2



−0.523 963 75⫻ 10+1



−0.500 303 50⫻ 10+0



26, 27



+1



−1



¯



¯ ¯



0.344 628 14⫻ 10+2



−0.193 896 94⫻ 10+1



¯



¯



+1



0.247 131 06⫻ 10+0



¯



¯



¯



0.623 658 83⫻ 10+1



−0.613 389 51⫻ 10+0



¯



¯



−2



+0



−1



¯



¯



0.235 056 18⫻ 10+0



¯



−0.937 159 63⫻ 10



0.105 849 14⫻ 10



¯



0.767 655 51⫻ 10



0.237 721 55⫻ 10−1



¯



−0.420 240 58⫻ 10+1



30, 31



+0



+0



−1



0.122 891 73⫻ 10



+0



¯



−0.207 408 64⫻ 10+5



0.388 677 91⫻ 10+0



+1



¯



¯



−0.693 356 49⫻ 10



0.133 040 18⫻ 10+2 −0.754 331 58⫻ 10



0.500 806 88⫻ 10−2



0.705 124 90⫻ 10



0.211 650 38⫻ 10



28, 29



−0.312 129 36⫻ 10



0.110 550 59⫻ 10+0



+0



−0.738 506 73⫻ 10



0.390 876 62⫻ 10+1



−0.403 871 65⫻ 10



−1



−0.133 519 26⫻ 10



14, 15



0.603 062 76⫻ 10



−0.525 811 65⫻ 10+1



0.359 321 04⫻ 10



¯



¯



0.517 308 59⫻ 10 +0



¯



−0.278 996 08⫻ 10



+0



¯ −1



¯ +1



ci7



0.468 010 26⫻ 10



¯



−1



¯



¯



−0.362 832 17⫻ 10 ¯



−1



¯ +1



−0.458 176 18⫻ 10+0



0.107 878 66⫻ 10 −1



0.205 659 93⫻ 10



¯



¯



34, 35



0.407 811 28⫻ 10+0



−0.661 261 08⫻ 10−1



0.261 912 96⫻ 10−1



¯



¯



¯



−0.397 734 71⫻ 10+0



0.104 630 61⫻ 10+0



36, 37



−0.467 947 99⫻ 10−1



0.464 850 39⫻ 10−2



−0.387 827 22⫻ 10−2



¯



¯



¯



0.509 202 46⫻ 10−1



−0.133 278 79⫻ 10−1



32, 33



−0.169 864 89⫻ 10



−0.367 596 56⫻ 10



−0.402 319 22⫻ 10



−0.699 905 87⫻ 10



Potential energy surface for the water molecule



1



ci3
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TABLE II. Fitted coefficients in polynomials of Eq. 共8兲 共in atomic units兲.
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FIG. 1. Contours for a H atom moving around an equilibrium OH diatomic 共Re = 1.8344a0兲 which lies along the x axis with the center of mass fixed at the origin and the H atom located in the negative x-axis side: 共a兲 MBE/DC I; 共b兲 MBE/DC II. Contours start at −0.3675Eh at intervals of 0.018 375Eh. In this and all subsequent plots, the zero of energy corresponds to the three separated atoms, with the equilibrium well depth being De = −0.370 065Eh.



its minimum potential energy 共Rm = 0.741 Å兲. The above extrapolation scheme can yield accurate potentials at costs as low as virtually possible.16 Its accuracy has thus far been tested on diatomic molecules through vibrational calculations which provide a severe test of the approach, with very good results being generally observed.16



The MBE/DC PES utilized elsewhere1 has here been corrected by calculating its difference to the CBS extrapolated ab initio energies at the grid of points to be specified later. The energy differences so obtained have then been fitted to the general form 37



冋



3



册



G 共R兲 = 兺 Pi共R兲exp − 兺 bij共R j − R0ij兲2 , i=1



j=1



共6兲



where the summation runs over the index i that identifies the various Gaussian forms 共each multiplied by a polynomial form in the three interatomic coordinates: j = 1 , 2 , 3兲. Note



冢冣冢 Q1 Q2 = Q3



冑1/3 冑1/3 冑1/3 冑1/2 − 冑1/2 0 冑2/3 − 冑1/6 − 冑1/6



冣冢 冣



R3 R2 , R1



共7兲



where R1 and R2 are OH bond distances and R3 is the HH one. For the ith polynomial in the first summation of Eq. 共6兲, we have chosen the general form



+ ci6Q3 + ci7Q23 .



31 200 22 2.5⫻ 105 2 0.01 2.5 2.5 18.0



共8兲



To warrant the proper symmetry in a permutation of R1 and R2, no odd powers of the variable Q2 can be utilized in constructing the polynomials. Regarding the Gaussian decaying terms, the above symmetry requirement can be satisfied 0 0 = Ri2 共and either by employing a single Gaussian with Ri1 hence bi1 = bi2兲 centered at a geometry with C2v symmetry or a Gaussian function centered at an arbitrary geometry of Cs 0 0 symmetry 共Ri,1 ⫽ Ri,2 兲 but accompanied by an 共i + 1兲th pair located at a geometry with the distances R1 and R2 reversed, 0 2 0 2 Gi共R兲 = Pi共R兲兵exp关− bi1共R1 − Ri1 兲 兲 − bi2共R2 − Ri2 0 2 − bi3共R3 − Ri3 兲 兴其,



TABLE III. Parameters used for the energy switching. E0 / cm−1 ␥0 / E−1 h ␥1 / E−3 h m A / mEh a1 a3 ␦ / a0



that these polynomials have been written in terms of D3h symmetry coordinates,



Pi共R兲 = ci0 + ci1Q22 + ci2Q42 + ci3Q62 + ci4Q1 + ci5Q21



III. IMPROVING THE MBE/DC PES



共3兲



FIG. 2. Contours for a C2v insertion of O into H2. Contours start at −0.3675Eh at intervals of 0.018 375Eh. The dashed line corresponds to the E0 energy and the solid line to the minimum energy path.



共9兲



0 2 0 2 兲 − bi2共R1 − Ri2 兲 Gi+1共R兲 = Pi共R兲兵exp关− bi1共R2 − Ri1 0 2 − bi3共R3 − Ri3 兲 兴其.



共10兲



Thus, whenever a nonsymmetrical reference geometry is indicated in Table I, a summation over a Gaussian pair is implied. For example, since the ordering index i = 3 is missing in Table I, a pair of terms for i = 2 , 3 must be included as implied by Eqs. 共9兲 and 共10兲.
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FIG. 4. Contours for bond stretching of linear HOH. Contours start at −0.32Eh with intervals of 0.018Eh. 共a兲 MBE/DC I; 共b兲 ES-1v-II. Indicated by the dashed line is the contour corresponding to the reference switching energy E0. FIG. 3. Cut of the water PES for H attacking OH fixed at ROH = 1.4664a0 with a valence angle of 180°. The solid line shows the ES-1v-II PES, while the CVRQD and MBE/DC I results are indicated by the dashed and dotted lines, respectively. The points show the extrapolated ab initio energies for the ground and excited states.



The fitting procedure has been carried out using the Levenberg–Marquardt method.24 The above function, which has 212 adjustable parameters, including the polynomial and Gaussian coefficients 共Tables I and II兲, has been fitted to a total of 2375 ab initio points covering the regions defined by 共a兲 1.4⬍ RHO / a0 ⬍ 3.0, 1 ⬍ rHO–H / a0 ⬍ 15, and 0 ° ⬍ ␣ ⬍ 180°; 共b兲 1 ⬍ RH2 / a0 ⬍ 2.1, 1 ⬍ rO–H2 / a0 ⬍ 20, and 0 ° ⬍ ␣ ⬍ 90° 共R, r, and ␣ are the atom-diatom Jacobi coordinates兲. A final global root mean square deviation of 0.482mEh has been obtained. The original1 and new surfaces will be referred to onward as MBE/DC I and MBE/DC II, respectively. An example of the correction described above is shown for the H + OH reaction channel in Fig. 1 where a cut corresponding to a H atom moving around an equilibrium OH molecule is depicted for both the MBE/DC I and MBE/ DC II PESs. As seen, the MBE/DC I PES shows an unphysical barrier for the H atom attacking at small valence angles, which grows as the angle approaches zero. This feature is now corrected in MBE/DC II which mimics accurately the behavior predicted by the CBS extrapolated MRCI共Q兲 energies. Also shown in this plot is a cusp in the new PES that arises as the valence angle approaches 180° due to the crossing of the ⌺ and ⌸ states for linear HOH geometries. This feature also mimics accurately the one observed at CBS extrapolated MRCI共Q兲 level.



f = 21 兵1 + tanh关共␥0 + ␥1⌬Em兲⌬E兴其.



Not surprisingly the switching occurs smoothly without leaving any scars of the merging, which reflects the excellent compatibility of the two merged potentials. As the CVRQD form is isotope dependent and the MBE/DC II is not, the approach can be applied in the same manner for the different isotopologue potentials provided in the CVRQD work.7,8 Although the global PES 共V1兲 is mass independent, we believe that this will have no effect on the spectroscopic studies that will be carried out on VES in the following section. In fact, mass effects are expected to be very small and only significant for regions of the PES with relevance for spectroscopic calculations, where MBE/DC II has clearly a very small contribution to the ES PES 共ES-1v-II兲. When applying the ES scheme, one needs do define the variable E to measure the displacement from the reference energy E0 in Eq. 共11兲 as a function that grows uniformly from the bottom of the potential well.1 This function could in principle be chosen as V2, the PES that describes the well. However, since this function is not well behaved for large displacements from equilibrium, it cannot be used directly. This is the case for the CVRQD potential, which shows spurious minima for largely stretched structures, and hence the use of ⌬E = V2 − E0 would enhance the development of artifacts in the ES PES. To circumvent this problem, the displacement from the reference energy will be written as ⌬E = V2 + 共R兲 − E0 ,



Following the ES 共Ref. 1兲 method, we will label the spectroscopically accurate CVRQD form as V2, and call V1 to the global MBE/DC II function. They are energy switched/merged in the global PES VES by writing VES = f共⌬E兲V1共R兲 + 关1 − f共⌬E兲兴V2共R兲,



共11兲



where ⌬E = E − E0 is the displacement from some reference energy and f共⌬E兲 is a switching function that approaches 0 for large negative energy displacements and +1 for large positive ones, chosen as1



共13兲



where 共R兲 is a correction term that prevents the nonuniform growing of the CVRQD function. It assumes the form



共R兲 = A exp关a1共R1 + R2兲 + a3R3 − ␦兴, IV. APPLICATION OF ES METHODOLOGY



共12兲



共14兲



where the parameters have been chosen by trial and error such as to ensure that the spurious deep minima arising in the CVRQD potential do not perturb the final ES PES. Moreover, 共R兲 has been chosen from the requirement that it assumes a value smaller than 1 cm−1 for regions with an energy smaller then E0. The other constants have been taken from Ref. 1 except for small changes suggested by the vibrational calculations reported in the following section. The whole set of parameters used in the ES scheme is gathered in Table III. A global view of the ES scheme is given in Fig. 2, which shows the potentials participating in the ES process
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TABLE IV. Accuracy of CVRQD and ES-1v-II PESs in reproducing observed vibrational band origins of H16 2 O. The differences are expressed as observed-calculated in cm−1. 共n1 , n2 , n3兲



Obs.



CVRQD



ES



共n1 , n2 , n3兲



Obs.



CVRQD



ES



010 020 100 030 110 040 120 200 002 050 130 210 060 012 070 220 022 300 102 080 230 032 310 112 090 400 122 202 004 330 410 212 420 222 302 104 600 610 700



1 594.746 3 151.630 3 657.053 4 666.791 5 234.975 6 134.015 6 775.093 7 201.540 7 445.045 7 542.437 8 273.977 8 761.579 8 869.954 9 000.140 10 086.045 10 284.369 10 521.762 10 599.687 10 868.876 11 253.997 11 767.388 12 007.776 12 139.316 12 407.662 12 533.724 13 828.278 13 910.881 14 221.159 14 537.504 15 108.239 15 344.504 15 742.803 16 823.319 17 227.380 17 458.214 17 748.107 19 781.323 21 221.569 22 529.288



−0.329 −0.566 0.004 −0.783 −0.519 −1.066 −0.872 0.347 0.161 −1.420 −1.105 −0.341 −2.217 −0.255 −2.738 −0.720 −0.713 1.089 0.466 −2.413 −0.948 −1.068 0.280 −0.217 −2.512 2.032 −0.698 1.006 0.888 −0.060 1.072 0.095 0.874 −0.306 1.954 1.745 −1.053 3.556 5.959



−0.329 −0.565 0.005 −0.781 −0.518 −1.065 −0.870 0.348 0.143 −1.420 −1.101 −0.342 −2.222 −0.265 −2.753 −0.717 −0.714 1.113 0.455 −2.432 −0.938 −1.066 0.297 −0.225 −2.529 2.139 −0.699 0.876 0.318 −0.007 1.138 −0.060 0.951 −0.505 1.560 1.385 −2.228 3.370 4.941



001 011 021 101 031 111 041 121 201 003 131 211 013 221 301 071 023 103 151 231 311 033 113 241 321 401 123 203 331 411 133 213 341 501 421 223 303 511 431 601 701



3 755.929 5 331.267 6 871.520 7 249.819 8 373.852 8 807.000 9 833.587 10 328.730 10 613.353 11 032.405 11 813.205 12 151.253 12 565.006 13 652.658 13 830.937 13 835.373 14 066.196 14 318.813 14 647.977 15 119.031 15 347.958 15 534.707 15 832.780 16 546.319 16 821.634 16 898.842 17 312.551 17 495.528 18 265.821 18 393.315 18 758.633 18 989.960 19 679.192 19 781.103 19 865.285 20 442.777 20 543.129 21 221.827 21 314.448 22 529.440 25 120.277



0.201 −0.245 −0.628 0.598 −0.918 −0.029 −1.178 −0.436 1.227 0.460 −0.668 0.433 0.135 0.144 2.051 −2.576 −0.365 1.239 −1.231 −0.056 1.182 −0.758 0.641 −0.308 1.542 2.744 0.161 2.178 1.073 2.064 −0.144 1.317 0.645 4.644 2.090 1.295 3.028 3.486 2.446 5.940 6.459 1.860



0.202 −0.241 −0.622 0.616 −0.909 −0.011 −1.171 −0.410 1.285 0.324 −0.627 0.477 0.027 0.202 2.205 −2.696 −0.453 1.210 −1.194 0.035 1.280 −0.847 0.621 −0.184 1.702 2.995 0.164 2.056 1.256 2.075 −0.136 1.042 0.875 5.020 1.787 0.995 2.284 3.352 1.444 4.949 −1.838 1.632



共80兲



for C2v geometries. As seen, the poor behavior of the CVRQD form for large displacements away from equilibrium has disappeared in the ES-1v-II PES. V. RESULTS AND DISCUSSION



As noted above, the ES PES from the present work 共ES1v-II兲 shows negligible differences from the CVQRD potential for geometries with energies below 25 000 cm−1, where this potential was constructed to work. Thus, the properties calculated for every isotopologue in Ref. 8 should remain valid here, namely, equilibrium structure, barrier to linearity, anharmonic force field, harmonic frequency, vibrational fundamentals, zero-point energy, vibrational band origins, and rotational term values. Clearly, the local nature of CVQRD



prevents any use of it for reaction dynamics calculations, namely, cross sections and rate constants for the O共 1D兲 + H2 reaction. Because the ES-1v II PES shows the correct asymptotic limits, such a handicap has now been removed. Another important aspect of the new PES refers to the locus of ⌺ / ⌸ crossing seam for linear HOH configurations 共the minimum of the crossing seam arises at R1 = 1.8250a0, R2 = 3.2713a0, with an energy of −0.152 074Eh with respect to the three dissociated atoms兲. This feature too is also mimicked correctly by the ES-1v-II PES as illustrated in the onedimensional cut of the PES in Fig. 3. Moreover, as Fig. 4 shows, it describes accurately the conical intersection discussed above, which is a feature hard to reproduce when fitting global PESs.
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calibrated from MRCI共Q兲 energies that has been CBS extrapolated. The resulting global ES form describes accurately all regions of configuration space including the locus of ⌺ / ⌸ conical intersection at linear geometries. It should therefore be highly reliable for dynamics calculations 共classical or quantum兲, in particular, of the reaction O共 1D兲 + H2 → OH + H. ACKNOWLEDGMENTS
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FIG. 5. Differences of the vibrational band origins from the experimental values for the CVRQD and ES-1v-II PESs. The vertical bars represent the differences between the two potentials. Panel 共a兲 shows the odd levels and 共b兲 the even ones.



Table IV compares the calculated vibrational frequencies 共J = 0兲 of the present ES-1v II PES with those reported8 for the CVRQD form. Also included for comparison are the experimental values for H16 2 O 共taken as reported in Ref. 8兲. The variational vibrational calculations were performed using the 25 DVR3D code for separate even and odd states, using the same basis set parameters as in Ref. 8. The attribution of the vibrational quantum numbers to the vibrational energies has been made, following previous work,26,27 by a combination of automatic attribution and graphical inspection of wave functions. As can be seen from Table IV, the root mean square deviations from the observed values are nearly the same for both potentials. Figure 5 compares the errors on the calculated vibrational frequencies for the ES-1v-II and CVRQD PESs relative to the experimental values and shows the differences between the former two. As can be seen, the vibrational spectra from the ES-1v-II PES are almost identical to the one from CVRQD for the range of energies where experimental frequencies are available, with the former showing even a small improvement for the higher energy levels. Thus, we expect that the ES-1v II PES here reported can be valuable in predicting realistic vibrational-rotational frequencies above 25 000 cm−1 and virtually up to the dissociation limit. VI. CONCLUSIONS



We have obtained a single-sheeted PES for the ground state of the water molecule by ES a highly accurate isotopedependent ab initio local potential function and a global form
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