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Abstract 

 The equilibrium structure of the hydrogen bonded complex H2O…HF has been 

calculated ab initio using the CCSD(T) method with basis sets up to sextuple-ζ quality with 

diffuse functions and taking into account the basis set superposition error correction. The 

calculations carried out confirm the importance of diffuse functions and of counterpoise 

correction to obtain an accurate geometry. The most important point is that the basis set 

convergence is extremely slow and, for this reason an accurate ab initio structure requires a 

very large basis set. Nevertheless, the ab initio structure is significantly different from the 

experimental r0 and rm structures. Analysis of the basis set convergence and of the 

approximations used for the determination of the experimental structures indicates that the ab 

initio structure is expected to be more reliable. 

 

 

Keywords: ab initio, structure, hydrogen bond, H2O…HF. 

 

 

1. Introduction 

 The hydrogen-bonded heterodimer H2O…HF has been observed in gas phase for the 

first time in 1975 by infrared spectroscopy [1]. The same year, its rotational spectrum was 

measured [2]. Then, its microwave spectrum was analyzed in great detail by Kisiel, Legon, 

Millen et al. permitting the determination of its effective (r0) structure [3, 4], dipole moment 

[5], harmonic force field [6] and dissociation energy [7]. It was established that the 

equilibrium configuration at the oxygen atom is pyramidal (Cs symmetry) with a double 

minimum potential (see Figure 1). More recently, its submillimeterwave spectrum has been 

investigated [8] and its empirical mass-dependent rm structure determined [9]. 

 This dimer has been subject  to many ab initio calculations leading to three important 

conclusions [10, 11, 12] : i) the nondynamical electron correlation is small ii) the basis set 

superposition error (BSSE) is large iii) the convergence of the basis sets is slow. However, 

most of these calculations are devoted to the determination of dynamical properties (potential 

barrier, dissociation energy, …) and there is no very high level calculation of the geometrical 

structure. 

 The goal of this work is threefold : i) to determine a reliable ab initio equilibrium 

structure at a high level of theory using basis sets as large as possible and to compare it to the 
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experimental structures ii) to check the structural changes upon dimerization because it is 

often assumed that the geometry of the monomers does not change upon dimerization iii) to 

check the performance of density functional theory (DFT) for the calculation of the structure 

of hydrogen-bonded complexes because it seems that some popular functionals perform rather 

poorly [13]. This is important, because the procedure used here to determine the ab initio 

structure of H2O…HF cannot be used for larger molecules. Using DFT would thus be an 

interesting alternative, whose accuracy is still to be checked.  

 

2. Methods of computation 

 Most correlated-level ab initio electronic structure computations of the present study 

have been carried out at two levels: second-order Møller–Plesset perturbation theory (MP2) 

[14] and coupled cluster (CC) theory with single and double excitation [15] augmented by a 

perturbational estimate of the effects of connected triple excitations [CCSD(T)] [16]. The 

Kohn–Sham density functional theory [17] was also used in this study using a variety of 

functionals as described in section 4. 

We used correlation-consistent polarized n-tuple zeta basis sets cc-pVnZ [18] with n ∈ 

{D, T, Q, 5, 6}, that are abbreviated as VnZ in the text. For hydrogen-bonded complexes, the 

inclusion of diffuse functions in the basis set is important. For this reason, the augmented 

VnZ (aug-cc-pVnZ, AVnZ in short) basis sets [19] were employed. The effect of adding a 

second set of diffuse functions has also been investigated by using the doubly augmented 

VnZ (d-aug-cc-pVnZ, dAVnZ in short) basis sets. For some DFT calculations, the Jensen's 

polarization consistent basis set with diffuse functions apcn (n = 2, 3, 4) was used [20]. 

The core-core and core-valence correlation effects on the computed equilibrium 

geometries [21], were estimated thanks to the correlation-consistent polarized weighted core-

valence quadruple zeta (cc-pwCVQZ) [22,23] basis sets. In principle, for first-row atoms, it is 

sufficient to use the MP2 method to estimate this correction [24]. The frozen core 

approximation (hereafter denoted as fc), i.e., keeping the 1s orbitals of F, and O doubly 

occupied during correlated-level calculations, was used extensively. Some geometry 

optimizations were also carried out by correlating all electrons (hereafter denoted as ae). 

 The CCSD(T) calculations were performed with MOLPRO [ 25,26, 27] electronic 

structure program packages while most other calculations utilized the GAUSSIAN03 (g03) 

program [28]. The basis set superposition error (BSSE) was taken into account by the 
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counterpoise correction (CP) [29]. Most calculations were performed on the HP-XC4000 

cluster of the ULB/VUB computing center. 

 

 

3. Ab initio results 

 The first interesting result is the value of the T1 diagnostic [30] calculated at the 

CCSD(T) level whose value is 0.0069 with the wCVQZ(ae) basis set and 0.0092 with the 

AV5Z basis set. These values are much smaller than the cut-off value of 0.020 and thus 

confirm that the single-reference CCSD(T) method is well appropriate for properly describing 

electron correlation effects. 

 The equilibrium geometries obtained at MP2 level with and without CP 

corrections are reported in Table 1. The geometrical parameters can be visualized in Figure 1 

(see also the legend for the definition of α and β).  The first point to be noted is the large 

effect of the diffuse functions on the distances between non-bonded atoms O…H (F…O), but 

also on the H-F bond length. At the VQZ level, addition of a single set of diffuse functions 

decreases the r(O…H) bond length by as much as 0.0033 Å, while at the V5Z level, the 

decrease is only of 0.0004 Å. On the other hand, it is found that the addition of a second set of 

diffuse functions is still important at the VTZ level (decrease of r(O…H) by 0.0019 Å from 

AVTZ to dAVTZ, but that the corresponding effect is negligible for larger n values (0.0003 Å 

on r(O…H) at V5Z). Another important point is the effect of the CP correction, which is quite 

large for the r(O…H) bond length and for small basis sets. It is still important with the AV5Z 

basis set, the O…H bond length increasing by 0.0069 Å. Figure 2 shows the convergence of 

the O…H and O…F bond lengths as a function of the cardinal number of the basis set for the 

MP2 calculations with and without CP correction. It appears that the convergence is more 

regular when the CP correction is taken into account but it remains slow. For the O…H bond 

length, it is obviously not yet achieved at the AV5Z level. However, if we extrapolate 

r(O…H) to complete basis set (CBS) using a simple polynomial of the form 

     rn = rCBS + an
−3  (1) 

as suggested by Paizs et al. [11] and only using the AVQZ and AV5Z results (i.e. n = 4 and 

5), the result is almost the same  with and without CP correction: rCBS = 1.7116 Å to be 

compared with     rCBS
CP =  1.7102 Å. As a check, the r(O…H) bond length was optimized at the 

MP2/AV6Z level of theory with the CP correction, all other parameters being fixed at their 
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MP2/AV5Z + CP value. The result r(O…H) = 1.7112 Å confirms the validity of the 

extrapolation. 

 The CCSD(T) results are given in Table 2 for basis sets AVnZ with n = D, T, Q, 5, 

and the convergence curve is shown on Figure 2 for comparison with the corresponding MP2 

results. Each parameter is extrapolated to CBS using Eq. (1) and the AVQZ and AV5Z 

results. When the CP correction is taken into account at the AV5Z level, r(F…O) = 2.652 Å 

to be compared with the CBS value which is r(F…O) = 2.651 Å. It again confirms the 

reliability of the extrapolated value. It is worth noting that the CP correction is larger when 

calculated at the MP2 level: the CP correction increases the r(O…H) bond length by 0.0069 

Å at the MP2/AV5Z level of theory while this increase is only of 0.0045 Å at the 

CCSD(T)/AV5Z level. 

Finally, the core correction was calculated at the CCSD(T) and MP2 levels with and 

without CP correction. The regular wCVQZ basis set as well as the augmented AwCVQZ 

basis set were used. The effect of the CP correction was also investigated, see Table 3. The 

conclusion is that, to calculate the core correction, it is not necessary to take into account the 

CP correction, and it is sufficient to use the non-augmented wCVQZ basis set. Finally, the 

MP2 and CCSD(T) methods give similar results, the MP2 value being slightly larger (by 

0.0004 Å) for the F…O distance. Likewise, for the r(O…H) bond length, the core correction 

is 0.0024 Å at the MP2 level and 0.0019 Å at the CCSD(T) level.  It is also worth to be noted 

that the core correction is large for the angle β. 

 The best estimate of the equilibrium structure is obtained by correcting the 

CCSD(T)/CBS structure for the effects of core correlation calculated at the 

CCSD(T)/wCVQZ level. The extrapolation to CBS is not expected to be highly accurate. The 

equilibrium structure is given in Table 4 where it is compared to the previous calculations and 

to the experimental empirical structures as well as to the equilibrium structures of the 

monomers. The equilibrium value for the F…O distance is 2.649 Å, it is slightly shorter than 

the previous ab initio estimate [11] which gave 2.652 Å and it is much shorter than the 

experimental empirical structures. It has already been observed that the variation of the 

rovibrational contribution ε = I0 – Ie upon isotopic substitution is much larger in complexes 

than in rigid molecules [31] mainly because they are inversely proportional to vibrational 

frequencies, some of them being very low in complexes. The basic assumption of the r0 

structure is that ε is negligible while the basic assumption of the substitution (rs) structure is 

that ε remains constant upon isotopic substitution. Obviously, neither assumption is valid in 
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the particular case of complexes. It explains the failure of these empirical methods. On the 

other hand, the rm method assumes that ε varies as the square root of the moment of inertia 

[32]: 

 
    
εg = cg I g    g = a, b, c (2) 

This gives the     rm
(1)  method. However, for XH bonds (here X = F, O), it is necessary to take 

into account the variation of the bond length upon deuteration, called Laurie correction. 

Watson et al. [33] assume that the apparent bond X-H and X-D consist of a common part rm 

which is identical for both bonds (and assumed to be close to re) plus an additional bond 

elongation due to the H or D atom asymmetrically vibrating against the rest of the molecule. 

This elongation is taken proportional to the respective frequency, i.e. proportional to the 

reciprocal square root of the reduced mass of the vibrator. In other words, the X-H bond 

length is given by: 

 
    
rm

eff (XH) = rm (XH) +δ
M

mH(M − mH)

 

 
 

 

 
 

1/ 2

 (3) 

where δ is an adjustable parameter, M is the total mass of the molecule and mH the mass of 

hydrogen (or deuterium). 

A simple way to check the validity of Eq. (3) is to plot ε as a function of   I . As H2O…HF is 

a near-symmetric top, the A rotational constant could not be determined for its isotopologues. 

Furthermore, it is possible to define a mean rotational constant     B = (B + C) 2 and a mean 

moment of inertia     I = h
2 8π 2

B . ε is then calculated using the experimental ground state 

rotational constants [3] and the equilibrium structure of Table 4. A nice, almost linear 

relationship is found for the deuterated species with an almost parallel line for the non-

deuterated species, see Figure 3. It was expected to obtain different correlations for the 

deuterated and non-deuterated species because of Laurie correction, Eq. (4). This confirms the 

conclusion of Kisiel [9] that the rm method can be used for H-bonded complexes. However, 

the accuracy of the rm structure of H2O…HF is limited by several factors: i) there is no 

isotopic substitution for fluorine ii) the coefficients cb of Eq. (3) and δ are fully correlated. 

These two factors severely limit the accuracy of the experimental rm structure and may 

explain the difference found with the re structure of Table 4. 

 Finally, the comparison of the structure of the dimer to those of the monomers shows 

that the H2O moiety is not too much affected by the formation of the hydrogen bond (the 

∠(HOH) bond angle increases by 1.1° only and the r(OH) bond length is almost constant). 
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The traditional assumption of unchanged monomer geometries does not apply however for 

the HF moiety, the HF bond length being lengthened by as much as 0.156 Å. 

 Since the counterpoise correction was carried out for most calculations, the 

dimerisation energy is easy to determine. It is listed in table 1 for the MP2 calculations.  For 

the CCSD(T)/AV5Z level of theory, it is ∆E = –37.54 kJ/mol. This value is slightly smaller 

(in absolute value) than the MP2 value (Table 1). As the dimerisation energy decreases (in 

absolute value)  with the size of the basis set, the CBS value is expected to be close to –36 

kJ/mol. Indeed, Halkier et al.
10 found ∆E = –35.61 kJ/mol using a two-points extrapolation. 

This result is in good agreement with the value found by Boese et al.
 34 using the W2 theory: 

∆E = –36.35 kJ/mol but it is significantly different of the experimental value: ∆E = –42.68 

kJ/mol.7 However, this last value was obtained from the zero-point dissociation energy, 

D0 = 34.3(3) kJ/mol, which seems to be compatible with the ab initio values. The observed 

discrepancy might be explained by the difficulty to estimate a meaningful zero-point energy 

for a floppy molecule with a double minimum potential. 

 

 

4. DFT results 

 Calculations with the CCSD(T) method and very large basis sets (up to AV5Z), like 

those presented in the previous section, cannot be carried out for molecules much larger than 

H2O…HF. For this reason, it would be useful to check the accuracy of more approximate 

methods. H2O…HF is indeed a fairly strongly bond complex with dominant electrostatic 

contribution to the binding energy and a relatively unimportant dispersive term. 

 First, it is interesting to note that the MP2 and CCSD(T) methods give similar values 

for the F…O distance. 

 It is also useful to make a comparative study of the results obtained with the density 

functional (DFT) methods. They are indeed widely used, mainly because of their relatively 

low cost. There is already a large amount of papers on this subject. For instance Tuma et al. 

[33] compared the results of CCSD(T) calculations with those of a large variety of density 

functionals. Their work was recently extended to other density functionals by Boese et al. 

[34]. However, in both cases, the reference structure was calculated with the AVQZ basis set. 

In other words, this structure may be significantly different from the equilibrium geometry 

because the convergence of the basis set is not achieved. One difficulty is that the world of 

DFT methods is becoming a jungle of acronyms corresponding to choices of parameters more 
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or less ad hoc. Nevertheless, among the numerous exchange-correlation functionals currently 

used, one should consider: 

• B3LYP, Becke 3-parameter [35] Lee–Yang–Parr [36] hybrid functional which is 

extremely popular and is known to give reliable results in many cases [37] although its 

accuracy for hydrogen bonds is disputed [13]. 

• BLYP, Becke-Lee-Yang-Parr functional which uses the Becke 88 [38] exchange and 

the LYP [37] correlation functional and which is often employed when calculating 

hydrogen bonds [34]. Furthermore, Jensen's [21] apcn basis sets have been optimized 

for this functional. 

• PW91, Perdew and Wang's exchange  and correlation functional [39] which was 

shown to perform much better than the BLYP and B3LYP functionals for the 

prediction of intermolecular interaction energies [13]. 

A number of second-generation functionals have been proposed as successors. The most 

successful ones are: 

• B97-1, reparametrization of Becke's B97 Functional [40] by Handy et al. [41] 

• BMK, Boese-Martin for Kinetics [42] which was found to perform well for hydrogen-

bonded complexes. 

A big advantage of the DFT methods is that, as shown by Boese et al. [43, 44], a basis set of 

triple zeta quality is sufficient. They also showed that Pople's 6-311+G(3df,2pd) basis set [45] 

performs quite well for DFT calculations. This confirms the conclusion of Bauschlicher et al. 

[38] who found that this basis set is better than the AVTZ one. However, as a check, for some 

calculations,  the AVTZ and Jensen's apc2 and apc3 basis sets were also used. In most cases, 

the CP correction was taken into account. The results are given in Table 5. 

 As expected, the best results are obtained with the 6-311+g(3df,2pd) basis set and with 

the B97-1 and BMK methods which confirms the conclusions of Boese et al. [43, 45]. 

However, they are not more accurate than with the MP2 method; this is particularly true for 

the angles. In particular β values spread over a range as large as 11°, while for MP2 and 

CCSD(T) this range does not exceed 3°. This angle which is very sensitive to the level of 

theory is a good indicator of the quality of the calculation. A similar scattering is also 

observed for the DFT F…O and H…O distances (up to 0.050 Å) while MP2 and CCSD(T) 

values only change by less than 0.02 Å. Finally, it has to be noted that, for the dimerisation 

energy, the DFT methods are less accurate  than the MP2 method. For instance, for the B97-

1/apc3 level of theory, it is ∆E = –38.55 kJ/mol 
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5. Barrier height 

 The potential energy function governing the out-of-plane bending mode is of the 

double minimum type. The potential barrier between the pyramidal minimum and the planar 

top (β = 0) of the barrier was determined experimentally by Kisiel  et al. [4] to be V = 126 cm-

1 (1.5 kJ/mol). The barrier was calculated at the CCSD(T)/AV5Z level of theory giving 

V = 115 cm-1 in good agreement with the experimental value. The effect of the core 

correlation is small, decreasing the barrier by only 6 cm-1. The effect of the zero point energy 

is more difficult to estimate because of the double minimum nature of the potential. 

Furthermore, at the AV5Z level, the CCSD(T) energy is not yet completely converged. In 

conclusion, the good agreement between the experimental and the ab initio values is likely to 

be due to a compensation of errors. 

 

 

6. Conclusions 

 Geometry optimizations were carried out for the H2O…HF complex using the 

CCSD(T), MP2, and some DFT methods and with large basis sets (up to AV6Z). The bond 

lengths and angles were extrapolated to the CBS limit with and without the CP correction. 

The core correlation was also taken into account. 

 For the hydrogen bond distance r(H…O), the MP2 method gives a result close to the 

value found at the CCSD(T) level. On the other hand, the different DFT methods give a large 

scattering of values, B97-1 appearing to be the best one, although inferior to MP2. 

 Our best estimate of the structure has been obtained from the CCSD(T)/CBS results 

corrected for core correlation effects. A comparison between the CBS and the AV5Z results 

indicate that the accuracy is probably better than 0.003 Å for the r(F…O) and the r(O…H) 

bond lengths. For the other bond lengths, the accuracy is thought to be better than 0.002 Å 

and for the bond angles, it is of the order of 0.1°. This ab initio structure is expected to be 

more reliable than the published experimental ones whose accuracy is limited by several 

factors analyzed in detail in this work. 

 Upon formation of the hydrogen bond, the intramolecular OH distance is not 

significantly affected, the ∠(HOH) bond angle increases by 1.1° and the intramolecular HF 

bond length experiences a rather large elongation of 0.156 Å. 
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Table 1. MP2 structures for H2O…HF (distances in Å, angles in degrees and dimerisation energy in kJ/mol). 

 

basis set r(OH) r(HF) r(F…O) ∠α ∠(HOH) ∠β r(O…H) ∆E a 

VTZ 0.9607 0.9344 2.6426 2.308 104.655 126.355 1.7094  

VQZ 0.9591 0.9344 2.6407 1.747 105.071 129.468 1.7070  

V5Z 0.9591 0.9354 2.6428 1.491 105.307 132.130 1.7079  

AVDZ 0.9668 0.9427 2.6575 1.398 104.684 129.522 1.7152  

AVTZ 0.9625 0.9398 2.6432 1.446 105.093 130.684 1.7039  

AVQZ 0.9599 0.9367 2.6400 1.424 105.283 132.365 1.7037  

AV5Z 0.9594 0.9361 2.6432 1.439 105.353 132.391 1.7075  

dAVDZ 0.9670 0.9424 2.6495 1.226 104.667 128.621 1.7075  

dAVTZ 0.9626 0.9401 2.6416 1.550 105.056 129.926 1.7020  

dAVTZ + CP 0.9624 0.9393 2.6610 1.466 105.070 131.841 1.7222 –38.69 

dAVQZ 0.9600 0.9368 2.6404 1.413 105.268 131.797 1.7041  

dAV5Z 0.9595 0.9361 2.6434 1.465 105.358 132.314 1.7078  

AVDZ + CP 0.9669 0.9406 2.7008 1.485 104.716 130.595 1.7606 –38.34 

AVTZ + CP 0.9623 0.9389 2.6615 1.437 105.093 131.986 1.7231 –38.32 

AVQZ + CP 0.9599 0.9359 2.6538 1.445 105.264 132.602 1.7184 –38.08 

AV5Z + CP 0.9594 0.9357 2.6497 1.458 105.369 132.627 1.7144 –37.74 

a ∆E = dimerisation energy. 
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Table 2. CCSD(T) structures for H2O…HF (distances in Å and angles in degrees). 

 

basis set r(OH) r(HF) r(F…O) ∠α ∠(HOH) ∠β r(O…H) 

AVDZ 0.9672 0.9403 2.6646 1.593 104.723 129.007 1.7249 

AVTZ 0.9625 0.9372 2.6477 1.653 105.137 130.090 1.7111 

AVQZ 0.9598 0.9341 2.6446 1.638 105.357 131.904 1.7110 

AV5Z 0.9593 0.9335 2.6477 1.632 105.420 132.030 1.7147 

CBS 0.9588 0.9329 2.6509 1.626 105.490 132.160 1.7186 
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Table 3. Calculation of the core correlation for H2O…HF (distances in Å and angles in 

degrees). 

 

method a  r(OH) r(HF) r(F…O) ∠α ∠(HOH) ∠β r(O…H) 

MP2/wCVQZ fc 0.9592 0.9344 2.6419 1.739 105.082 129.833 1.7082

 ae 0.9583 0.9339 2.6391 1.725 105.219 130.360 1.7059

fc - ae  0.0009 0.0005 0.0028 3 –0.137 –0.526 0.0023

MP2/AwCVQZ fc 0.9599 0.9367 2.6422 1.410 105.300 132.594 1.7059

 ae 0.9590 0.9362 2.6393 1.410 105.438 133.104 1.7035

fc - ae  0.0009 0.0005 0.0029  –0.138 –0.510 0.0024

MP2/wCVQZ+CP fc 0.9587 0.9330 2.6657 1.226 105.088 135.503 1.7330

 ae 0.9578 0.9325 2.6628 1.208 105.226 136.105 1.7306

fc - ae  0.0009 0.0005 0.0029 8 –0.138 –0.602 0.0024

CCSD(T)/wCVQZ fc 0.9591 0.9318 2.6464 1.743 105.206 131.459 1.7153

 ae 0.9582 0.9313 2.6440 1.730 105.332 131.966 1.7134

fc - ae  0.0009 0.0005 0.0024 13 –0.126 –0.506 0.0019
a fc = frozen core approximation; ae = all electrons correlated. 
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Table 4. Structures of H2O…HF (distances in Å and angles in degrees). 

 

 r(OH) r(HF) r(F…O) ∠α ∠(HOH) ∠β Ref. 
re(H2O) a 0.9578    104.50  46 

re(HF) a  0.9168     47 

MP2/6-311++G(2d,2p) 0.959 0.934 2.663 2.1 105.24 130.5 48 

MP2/AVQZ   2.652 1.4  132.6 11 

r0 
b   2.676(3)   143.2(35) 9 

rm c   2.6593(7)   131.05(44) 9 

re
 a 0.9579 0.9324 2.6485 1.61 105.62 132.67 pi d 

a Equilibrium structure. 
b Empirical effective structure. 
c Empirical mass-dependent structure. 
d pi = present investigation. 
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Table 5. DFT structures for H2O…HF (distances in Å and angles in degrees). 

 

Method basis set a 
r(OH) r(HF) r(F…O) ∠α ∠(HOH) ∠β r(O…H) 

B3LYP AVTZ no CP 0.9628 0.9450 2.6366 1.618 106.112 130.767 1.6922 
B3LYP AVTZ 0.9628 0.9448 2.6385 1.609 106.121 131.008 1.6943 
B3LYP apc3 0.9614 0.9423 2.6400 1.598 106.158 131.488 1.6983 
B3LYP 6-311+G(3df,2pd) 0.9618 0.9419 2.6454 1.686 106.103 131.873 1.7041 
PW91 6-311+G(3df,2pd) 0.9692 0.9548 2.6211 2.028 105.327 124.676 1.6672 
BMK 6-311+G(3df,2pd) 0.9582 0.9356 2.6517 1.904 106.672 135.661 1.7169 
B97-1 6-311+G(3df,2pd) 0.9606 0.9385 2.6512 1.922 105.724 129.942 1.7135 
B97-1 apc2 0.9608 0.9397 2.6456 1.800 105.795 129.723 1.7066 
B97-1 apc3 0.9605 0.9391 2.6452 1.819 105.773 129.516 1.7068 
B97-1 AVTZ 0.9617 0.9415 2.6433 1.789 105.743 129.185 1.7025 
BLYP acp2 0.9721 0.9563 2.6622 1.634 105.492 127.416 1.7065 
a With CP correction unless otherwise stated. 
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Figure 1.  Equilibrium geometrical structure of H2O-HF. Parameter β is the angle between the F-O direction and the bisectrix of the HOH angle. 
Parameter α corresponding to the OFH angle characterizes non- linearity of the F-H-O  skeleton. This angle is not visible on the Figure because 
of its small value (< 2 degrees). 
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Figure 2. Plot of the r(O…H) and r(O…F) bond lengths (in Å) as a function of the cardinal 
number n of the AVnZ basis set. 
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Figure 3. Plot of ε as a function of   I  for the different isotopologues of H2O…HF (with 

    I = h
2 4π 2(B + C) ; ε and I in uÅ2) 

Page 18 of 21

URL: http://mc.manuscriptcentral.com/tandf/tmph

Molecular Physics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 

                                                 
References 

[1] R. K. Thomas, Proc. R. Soc. Lond. A 344 (1975) 579-592. 

[2] J.W. Bevan, A.C. Legon, D.J. Millen, S.C. Rogers, J. Chem. Soc. Chem. Comm. 1975, 

341-343. 

[3] J.W. Bevan, Z. Kisiel, A.C. Legon, D.J. Millen, S.C. Rogers, Proc. R. Soc. Lond. A 372 

(1980) 441-451. 

[4] Z. Kisiel, A.C. Legon, D.J. Millen, Proc. R. Soc. Lond. A 381 (1982) 419-442. 

[5] Z. Kisiel, A.C. Legon, D.J. Millen, J. Chem. Phys. 78 (1983) 2910-2914. 

[6] Z. Kisiel, A.C. Legon, D.J. Millen, J. Mol. Struct. 112 (1984) 1-8. 

[7] A.C. Legon, D.J. Millen, H.M. North, Chem. Phys. Lett. 135 (1987) 303-306. 

[8] S.P. Belov, V.M. Demkin, N.F. Zobov, E.N. Karyakin, A.F. Krupnov, I.N. Kozin, O.L. 

Polyansky, M. Yu. Tretyakov, J. Mol. Spectrosc. 241 (2007) 124-135. 

[9] Z. Kisiel, J. Mol. Spectrosc. 218 (2003) 58-67. 

[10] A.S. Halkier, W. Klopper, T. Helgaker, P. Jørgensen, P.R. Taylor, J. Chem. Phys. 111 

(1999) 9157-9167. 

[11] B. Paizs, P. Salvador, A.G. Császár, M. Duran, S. Suhai, J. Comput. Chem. 22 (2001) 

196-207. 

[12] Li Zhi-Ru, Wu Di, Li Ze-Sheng, Huang Xu-Ri, Fu-Ming Tao, Sun Chia-Chung, J. Phys. 

Chem. A 105 (2001) 1163-1168. 

[13] S. Tsuzuki, H.P. Lüthi, J. Chem. Phys. 114 (2001) 3949-3957. 

[14] C. Møller, M. S. Plesset, Phys. Rev. 46 (1934) 618-622. 

[15] G. D. Purvis, III, R. J. Bartlett, J. Chem. Phys. 76 (1982) 1910-1918. 

[16] K. Raghavachari, G. W. Trucks, J. A. Pople, M. Head-Gordon, Chem. Phys. Lett. 157 

(1989) 479-483. 

[17] W. Kohn, L. J. Sham, Phys. Rev. A 140 (1965) 1133-1138. 

[18] T. H. Dunning, Jr., J. Chem. Phys. 90 (1989) 1007-1023. 

[19] R. A. Kendall, T. H. Dunning, Jr., R. J. Harrison, J. Chem. Phys. 96 (1992) 6796-6806. 

[20] F. Jensen, J. Chem. Phys. 117 (2002) 9234-9240. 

[21] J.M.L. Martin, Chem. Phys. Lett. 242 (1995) 343-350. 

[22] K. A. Peterson, T. H. Dunning, Jr., J. Chem. Phys. 117 (2002) 10548-10560. 

[23] Basis sets were obtained from the Extensible Computational Chemistry Environment 

Basis Set Database, Version 02/02/06, as developed and distributed by the Molecular Science 

Page 19 of 21

URL: http://mc.manuscriptcentral.com/tandf/tmph

Molecular Physics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 20 

                                                                                                                                                        
Computing Facility, Environmental and Molecular Sciences Laboratory which is part of the 

Pacific Northwest Laboratory, P.O. Box 999, Richland, Washington 99352, USA, and funded 

by the U.S. Department of Energy. The Pacific Northwest Laboratory is a multi-program 

laboratory operated by Battelle Memorial Institute for the U.S. Department of Energy under 

contract DE-AC06-76RLO 1830. Contact David Feller or Karen Schuchardt for further 

information. 

[24] L. Margulès, J. Demaison, H. D. Rudolph, J. Mol. Struct. 599 (2001) 23-30. 

[25] MOLPRO, version 2006.1, a package of ab initio programs, H.-J. Werner, P. J. Knowles, 

R. Lindh, F. R. Manby, M. Schütz, P. Celani, T. Korona, G. Rauhut, R. D. Amos, A. 

Bernhardsson, A. Berning, D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn, F. Eckert, C. 

Hampel and G. Hetzer, A. W. Lloyd, S. J. McNicholas, W. Meyer and M. E. Mura, A. 

Nicklass, P. Palmieri, R. Pitzer, U. Schumann, H. Stoll, A. J. Stone, R. Tarroni and T. 

Thorsteinsson , see http://www.molpro.net. 

[26] C. Hampel, K. A. Peterson, H.-J. Werner, Chem. Phys. Lett. 190 (1992) 1-12, and 

references therein. 

[27] M. J. O. Deegan, P. J. Knowles, Chem. Phys. Lett. 227 (1994) 321-326. 

[28] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,  M. A. Robb, J. R. 

Cheeseman, J. A. Montgomery, Jr., T. Vreven,  K. N. Kudin, J. C. Burant, J. M. Millam, S. S. 

Iyengar, J. Tomasi,  V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega,  G. A. 

Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota,  R. Fukuda, J. Hasegawa, M. Ishida, 

T. Nakajima, Y. Honda, O. Kitao,  H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. 

B. Cross,  C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,  A. J. Austin, R. 

Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala,  K. Morokuma, G. A. Voth, P. Salvador, J. 

J. Dannenberg,  V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain,  O. Farkas, D. K. 

Malick, A. D. Rabuck, K. Raghavachari,  J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, 

S. Clifford,  J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,  I. Komaromi, R. 

L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham,  C. Y. Peng, A. Nanayakkara, M. 

Challacombe, P. M. W. Gill,  B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, and J. A. 

Pople,  Gaussian, Inc., Pittsburgh PA, 2003. Revision D.01. 

[29] S.F. Boys, F. Bernardi, Mol. Phys. 19 (1970) 553-566. 

[30] T.J. Lee, P.R. Taylor, Int. J. Quant. Chem. Symp. 23 (1989) 199-207. 

[31] J. Demaison, J. Liévin, A.G. Császár, C. Gutle, to be published. 

[32] J.K.G. Watson, A. Roytburg, W. Ulrich, J. Mol. Spectrosc. 196 (1999) 102-119. 

Page 20 of 21

URL: http://mc.manuscriptcentral.com/tandf/tmph

Molecular Physics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 21 

                                                                                                                                                        
[33] C. Tuma, A.D. Boese, N.C. Handy, Phys. Chem. Chem. Phys. 1 (1999) 3939-3947. 

[34] A.D. Boese, J.M.L. Martin, W. Klopper, J. Phys. Chem. A  111 (2007) 11122-11133. 

[35] A. D. Becke, J. Chem. Phys. 98 (1993) 5648-5652. 

[36] C. T. Lee, W. T. Yang, R. G. Parr, Phys. Rev. B 37 (1988) 785-789. 

[37] C.W. Bauschlicher, A. Ricca, H. Partridge, S.R. Langhoff in "Recent Advances in 

Density Functional Methods", D.P. Chong, ed., World Scinetific, Singapore, 1997. 

[38] A.D. Becke, Phys. Rev. A 38 (1988) 3098-3100. 

[39] J.P. Perdew, Y. Wang, Phys. Rev. B 45 (1992) 13244-13249. 

[40] A.D. Becke, J. Chem. Phys. 107 (1997) 8554-8560. 

[41] F.A. Hamprecht, A.J. Cohen, D.J. Tozer, N.C. Handy, J. Chem. Phys. 109 (1998) 6264-

6271. 

[42] A.D. Boese, J.M.L. Martin, J. Chem. Phys. 121 (2004) 3405-3416. 

[43] A.D. Boese, J.M.L. Martin, N.C. Handy, J. Chem. Phys. 119 (2003) 3005-3014. 

[44] A.D. Boese, W. Klopper, J.M.L. Martin, Int. J. Quant. Chem. 104 (2005) 830-845. 

[45] R. Krishnan, J.S. Binkley, R. Seeger, J.A. Pople, J. Chem. Phys. 72 (1980) 650-654. 

[46] A.G. Császár, G. Czakó, T. Furtenbacher, J. Tennyson, V. Szalay, S.V. Shirin, N.F. 

Zobov, O.L. Polyansky, J. Chem. Phys. 122 (2005) 214305. 

[47] J.A. Coxon, P.G. Hajigeorgiou, J. Mol. Spectrosc. 150 (1991) 1-27. 

[48] J.J. Novoa, M. Planas, M.-H. Whangbo, J.M. Williams, Chem. Phys. 186 (1994) 175-

183. 

Page 21 of 21

URL: http://mc.manuscriptcentral.com/tandf/tmph

Molecular Physics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


