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We performed systematic theoretical studies on small anionic water/deuterated water clusters W/D−

n=2−6 at both density func-

tional theory (B3LYP) and wavefunction theory (MP2) levels. The focus of the study is to examine the convergence of calculated

infrared (IR) spectra with respect to the increasing of the number of diffuse functions. It is found that at the MP2 level for larger

clusters (n = 4− 6), only one extra diffuse function is needed to obtain the converged relative IR intensities, while one or two

more sets extra diffuse functions are needed for smaller clusters. Such behaviour is strongly associated with the convergence of

the electronic structure of corresponding clusters at the MP2 level. It is striking to observe that at the B3LYP level, the calculated

relative IR intensities for all the clusters under investigations are diverse and show no trend of convergence when increasing the

numbers of the diffuse functions. Moreover, the increasing contribution from the extra diffuse functions to the dynamic IR dipole

moment indicates that the B3LYP electronic structure also fails to converge. These results manifest that MP2 is a preferential

theoretical method, as compared to the widely used B3LYP, for the IR intensity of dipole bounded electron systems.

1 Introduction

Anionic water clusters (W−

n ) were first detected by mass spec-

trometry in the early 1980s,1,2 and have attracted great atten-

tion in many areas3–7 since then. There are two kinds of struc-

ture for W−

n : interior structure and surface structure.8 In the

latter structure, which is preferential for small W−

n ,8 the ex-

cess electron is bounded outside the molecular kernel through

the dipole-electron interaction.

To identify structures of W−

n , diverse optical method-

ologies including photoelectron,9 vibrational induced au-

todetachment10 and fragmentation11, vibrational predissocia-

tion,12,13 and time-resolved photoelectron14,15 spectroscopies

have been used. Among them, vibrational predissociation

spectroscopy which avoids the so-called “Fano” resonance as

well as continuum background16 can provide high resolution

of “fingerprint” vibrational information that is equivalent to
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the corresponding infrared (IR) spectrum. The high resolution

IR spectrum of W−

6 in the OH stretching region was first ob-

served by vibrational predissociation spectroscopy in 1998.12

In addition, to further circumvent the continuum background,

anionic deuterated water clusters D−

n were used to detect the

IR spectra for D−

3 in the DOD bending region17 and D−

4−6 in

the OD stretching region13. Besides, the IR spectra of par-

tially deuterated anionic water hexamers were also reported in

the literature.18

Because of rapidly increasing number of isoenergetic con-

formers with the size of W−

n ,19,20 theoretical investigations

are essential for identifying their structures. The theoretical

fundamental of W−

n in the surface state could be traced back

to the quantum theory of an electron in the field of a finite

dipole.21 In such case, the value of the dipole moment should

be larger than 1.625 Debye to bound an extra electron.22–26

If further considering the electronic-rotational coupling, it has

been proved that the critical value is dependent on the mo-

ments of inertia of the molecule.27 Thus, for real molecules

that are free to rotate, the critical dipole moment is in the

range from 2.0 to 2.5 Debye.27,28 Notice that, neutral water

monomer has dipole moment around 1.85 Debye,29 which is

larger than the critical value (1.625 Debye) for bounding an

extra electron if it is fixed but smaller than the critical value if

it is freely rotating. Thus, water monomer even in its lowest

rotational level would not bind an extra electron and there was

no experimental evidence for it. Indeed, previous theoretical

investigations showed that a single water molecule at or near

its equilibrium geometry does not have the ability to capture
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Table 1 Exponents of diffuse functions.

m,n Os Op Hs

PmnD

1 0.0105625000000 0.0105625000000 0.0045000000000

2 0.0013203125000 0.0013203125000 0.0005625000000

3 0.0001650390625 0.0001650390625 0.0000703125000

AmnD

1 0.0092200000000 0.0074675000000 0.0031575000000

2 0.0011525000000 0.0009334375000 0.0003946875000

3 0.0001440625000 0.0001166796875 0.0000493359375

SmnD

1 0.0112537500000 0.0079812500000 0.0040500000000

2 0.0014067187500 0.0009976562500 0.0005062500000

3 0.0001758398437 0.0001247070313 0.0000632812500

an extra electron through its dipole.30,31

Although the ab initio calculations for W−

1,2 were prior

to the experimental observation,30,32 the theoretical IR in-

vestigations were initiated in 1999,18 shortly after the ob-

servation of the high resolution experimental spectra.12 For

theoretical IR spectra, density functional theory (DFT) and

wavefunction theory (WFT) have been widely used although

the former overestimates and the latter (at the Møller-Plesset

second order perturbation (MP2)33 level) underestimates the

vertical electron-detachment energy (VDE) of W−

n .34,35 For

DFT, the Becke’s three-parameters exchange and Lee-Yang-

Parr correlation hybrid functional (B3LYP)36 was most pop-

ular13,18,20,34,37–44 because of its reliable frequency shifts.

Through the comparison of the theoretical IR spectra at the

B3LYP level with experimental observations, the structures of

W−

4−6 were found to be 4Rf, 5W3f, and 6Af, respectively.13,34

Here we followed the terminology proposed by Kim and co-

workers.34 In these structures, a common motif of “free” wa-

ter is highlighted for capturing the extra electron (see Fig. 1

for details). For WFT, at the MP2 level, the IR spectra of

W−

3−5,7 were predicted.34,45 In addition, the structure of D−

3

was identified as 3L by comparing the calculated (at the MP2

and coupled-cluster singles and doubles (CCSD)46 levels) and

measured IR spectra in the bending region.17 Moreover, the

calculated potential energy surface at the MP2 level reveals

the quantum probabilistic structure of W−

2 is a 2CsI structure

which is the transition state between two stable conformers.47

The systematic investigations for the calculated VDEs in-

cluding their convergence with respect to the diffuse func-

tions have been performed.48–50 However, to the best of our

knowledge, there was no convergence study for the IR spectra

with respect to the diffuse functions although it is more im-

portant for the structures of small W−

n . We should emphasize

here, because the low-lying isoenergetic conformers of W−

n

and their spectral similarity, the systematic investigation for

the IR spectra is remarkably indispensable. For instance, the

structure of W−

6 was first assigned as the “tweezerslike”,37

then the linear network,18 and finally the 6Af13,34. During

the evolution, the improvement of theoretical spectra played

the crucial role. Therefore, in this work, the convergence of

IR spectra for W/D−

2−6 with respect to the diffuse functions is

performed. The convergence of dynamic IR dipole moment

is also studied, which allows us to inspect the convergence of

electronic structures.

2 Computational Details

For anionic species, diffuse basis sets are important for the first

principles calculations.48,51–53 Here, we used three basis sets

of triple zeta quality for W−

n : the Pople’s 6-311++G(d,p),54,55

the augmented Dunning’s correlation consistent basis set aug-

cc-pVTZ with Davidson’s linear transformation for contrac-

tion,56–58 and the Sadlej’s polarized basis set59. Based on

these basis sets, up to three sets of diffuse function were

added. They were labeled as PmnD, AmnD, and SmnD with

m,n = 0,1,2,3, respectively. Here m and n represent the num-

ber of s and p diffuse functions for oxygen and the number of

s diffuse function for hydrogen, respectively. Meanwhile, the

corresponding exponents used the scaled values of the out-

ermost exponents by 0.125 consecutively.34 Specifically, all

used exponents were listed in Table 1. We should emphasize

that the scheme of diffuse functions was widely used for W−

n .

For instance, P10D is the 6-311++G(d,p)+diff(sp) used in Ref.

13 for exploring the structures of W/D−

4−5 and A22D is the

aug-cc-pVTZ+diff(2s2p/2s) used in Ref. 45 for calculating

the VDEs of W−

3−5.

The B3LYP functional36 was chosen for DFT, while,

MP233 for WFT. As mentioned before, there was no exis-

tence of W−

1 . Thus, here we did not consider this species.
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Table 3 Components of dynamic IR dipole moment for anionic water trimer. N: Nuclear; C: Core basis set; V: Valence basis set; P:

Polarization basis set; D: Diffuse basis set; T: Total.

MP2 B3LYP

m,n N C V P D T N C V P D T

νb

SmnD

00 0.00 -0.06 -0.89 0.03 1.38 0.48 0.00 -0.06 -0.86 0.01 1.31 0.41

11 -0.01 0.08 0.81 -0.18 -0.22 0.48 0.00 -0.03 0.01 -0.02 0.18 0.14

22 -0.01 0.08 0.82 -0.18 0.04 0.75 0.00 0.00 0.17 -0.03 17.89 18.03

33 -0.01 0.08 0.82 -0.18 0.03 0.75 0.01 -0.07 -0.99 0.20 2.68 1.83

PmnD

00 0.00 -0.09 0.19 0.07 0.30 0.47 0.00 -0.08 0.04 0.06 0.34 0.36

10 0.00 -0.07 0.04 0.06 0.23 0.27 0.01 -0.10 0.01 0.07 0.41 0.40

11 -0.01 0.11 0.00 -0.06 0.30 0.34 0.01 -0.10 0.04 0.07 0.10 0.12

22 -0.01 0.13 -0.02 -0.07 0.97 1.00 0.00 -0.06 0.00 0.07 1.84 1.85

33 -0.01 0.13 -0.02 -0.07 0.98 0.98 0.00 0.05 0.03 -0.03 2.64 2.68

νs

SmnD

00 0.00 0.01 -0.08 -0.24 0.62 0.30 0.00 -0.03 -0.45 -0.14 1.01 0.40

11 -0.01 0.07 0.73 0.06 1.10 1.96 -0.01 0.07 0.74 0.08 0.64 1.53

22 -0.01 0.07 0.75 0.05 1.99 2.85 0.00 -0.04 -0.15 0.04 32.53 32.38

33 -0.01 0.07 0.75 0.05 1.97 2.85 -0.01 0.08 1.12 0.08 21.87 23.14

PmnD

00 0.00 0.01 -0.13 0.01 0.38 0.26 0.00 -0.05 0.44 -0.09 0.12 0.42

10 -0.01 0.09 -0.27 0.04 0.90 0.76 0.00 0.08 -0.57 0.06 1.13 0.69

11 -0.01 0.10 -0.24 0.02 1.55 1.43 0.00 0.09 -0.64 0.06 1.76 1.26

22 0.00 0.11 -0.26 0.02 3.00 2.86 0.00 -0.09 0.32 0.01 5.42 5.66

33 -0.01 0.11 -0.26 0.02 2.98 2.84 0.00 -0.03 0.34 -0.06 5.40 5.66

save computational costs. Furthermore, only νb and νs are an-

alyzed in detail for dµk in the following.

3.2 Trimer

D−

3 is the smallest W/D−

n for which the experimental IR spec-

trum has been reported.17 Because of the low VDE, only the

IR signal in the bending region was recorded. Nevertheless,

it provides a good reference to validate the theoretical predic-

tions.

All calculated IR spectra for D−

3 as well as the experimental

results17 were depicted in Fig. 4. At the MP2 level, conver-

gence were reached for the relative IR spectra after two ex-

tra diffuse function were added in the calculations. The con-

verged spectrum with SmnD agrees well with previous theo-

retical predictions at the CCSD/aug-cc-pVDZ(2s2p/2s) level

in Ref. 17. Furthermore, it is also in good agreement with

the experimental spectrum in the bending region, where the

most intense band is contributed by ν2 of the other two water

molecules rather than that of the “free” water. These results

indicate that the correlation is adequate for IR at the MP2

level, although MP2 underestimates the VDEs.34,35 On the

other hand, the converged IR spectrum with PmnD overesti-

mates the intensity of νb which becomes the most intense one

in the bending region. This result reveals that SmnD are better

than PmnD for IR simulations. In the stretching region, there

are three significant bands. Specifically, they are νs, ν ′

s and νa

from low to high frequency. As compared with the spectra of

W−

2 , νa is more clear in D−

3 .

The components of dµk for D−

3 listed in Table 3 are fully

converged after two sets of extra diffuse functions were added,

which is consistent with the convergence of the relative inten-

sities shown in Fig. 4. The contribution of the diffuse func-

tions dominates dµk for the converged results except for the

νb mode with SmnD. Surprisingly, the dominant component

for νb with S33D is the valence part. This result should be

attributed to the cancellation of the contribution from diffuse

functions. In fact, the second outermost diffuse functions have

the largest absolute value in dµk. The full convergence of all

components reveals that the electronic structure of the extra

electron in D−

3 has been adequately described by the MP2

method with two sets of extra diffuse functions. Here the nu-

1–12 | 5
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Table 4 Components of dynamic IR dipole moment for anionic water tetramer. N: Nuclear; C: Core basis set; V: Valence basis set; P:

Polarization basis set; D: Diffuse basis set; T: Total.

MP2 B3LYP

m,n N C V P D T N C V P D T

νb

SmnD

00 -0.42 -0.04 -4.80 -1.69 7.74 0.78 -0.46 -0.04 -3.80 -1.83 6.77 0.64

11 0.15 0.01 0.22 0.05 0.43 0.87 -0.29 -0.03 -3.95 -0.91 5.57 0.39

22 0.02 0.00 -1.22 -0.22 2.22 0.80 -0.57 -0.05 -5.95 -1.27 19.39 11.55

33 0.02 0.00 -1.22 -0.22 2.22 0.80 -0.49 -0.04 -5.50 -1.22 10.49 3.24

PmnD

00 -0.42 -0.06 0.35 0.09 0.78 0.74 -0.44 -0.06 0.15 0.08 0.92 0.64

10 -0.20 -0.03 0.02 0.05 0.72 0.56 -0.44 -0.06 0.03 0.08 1.12 0.73

11 0.25 0.03 -0.19 -0.03 0.75 0.82 -0.36 -0.05 0.08 0.07 0.83 0.56

22 0.22 0.03 -0.18 -0.03 0.75 0.80 -0.50 -0.07 0.18 0.07 1.32 1.01

33 0.23 0.03 -0.18 -0.03 0.75 0.80 -0.39 -0.05 0.08 0.06 22.97 22.66

νs

SmnD

00 -0.01 0.06 2.67 -2.09 -0.23 0.41 0.00 0.04 0.35 -0.66 0.44 0.17

11 -0.01 0.09 -0.92 -1.15 4.78 2.79 -0.01 0.07 -0.85 -1.15 3.53 1.59

22 -0.01 0.09 -0.85 -1.14 4.68 2.77 0.00 0.05 -0.40 -0.86 2.56 1.34

33 -0.01 0.09 -0.85 -1.14 4.68 2.77 0.00 -0.05 0.42 0.86 5.99 7.22

PmnD

00 0.00 0.07 -0.95 0.22 0.85 0.18 0.00 -0.07 1.18 -0.23 -0.78 0.12

10 -0.01 0.12 -1.10 0.24 2.20 1.45 -0.01 0.10 -1.64 0.23 2.23 0.91

11 -0.01 0.12 -1.08 0.22 2.98 2.23 -0.01 0.10 -1.65 0.23 2.63 1.31

22 -0.01 0.12 -1.08 0.22 3.20 2.45 0.00 -0.04 0.90 -0.16 0.78 1.48

33 -0.01 0.12 -1.08 0.22 3.20 2.46 0.00 -0.07 1.16 -0.18 59.14 60.04

1–12 | 7
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Table 5 Components of dynamic IR dipole moment for anionic water pentamer. N: Nuclear; C: Core basis set; V: Valence basis set; P:

Polarization basis set; D: Diffuse basis set; T: Total.

MP2 B3LYP

m,n N C V P D T N C V P D T

νb

SmnD

00 -0.46 -0.04 -3.74 -2.15 7.08 0.69 -0.51 -0.04 -2.63 -2.10 5.84 0.56

11 0.12 0.01 -0.21 -0.19 0.96 0.71 -0.33 -0.03 -4.61 -0.93 6.36 0.46

22 0.02 0.00 -1.48 -0.39 2.50 0.65 -0.53 -0.05 -5.72 -1.03 10.83 3.51

33 0.02 0.00 -1.49 -0.39 2.51 0.64 -0.39 -0.03 -3.46 -0.63 9.18 4.67

PmnD

00 -0.49 -0.07 0.18 0.11 0.91 0.65 -0.52 -0.07 -0.11 0.10 1.14 0.53

10 -0.24 -0.03 0.14 0.05 0.73 0.64 -0.49 -0.07 0.04 0.09 1.07 0.65

11 0.21 0.03 0.01 -0.04 0.50 0.70 -0.39 -0.05 0.09 0.07 0.73 0.44

22 0.15 0.02 0.03 -0.03 0.48 0.66 0.56 0.08 -0.05 -0.10 6.24 6.73

33 0.15 0.02 0.03 -0.03 0.49 0.66 -0.26 -0.04 0.11 0.05 59.35 59.21

νs

SmnD

00 0.00 0.00 1.35 -0.47 -0.16 0.73 0.00 -0.02 -0.01 0.02 0.99 0.98

11 0.00 0.04 1.39 -0.10 0.70 2.01 0.00 0.03 0.85 0.02 0.71 1.61

22 0.00 0.04 1.42 -0.11 0.62 1.97 0.00 -0.05 -0.29 0.25 6.48 6.40

33 0.00 0.04 1.42 -0.11 0.62 1.97 0.00 -0.04 -1.17 0.04 10.22 9.05

PmnD

00 0.00 0.00 -0.74 0.12 1.18 0.56 0.00 -0.05 0.04 -0.01 0.93 0.91

10 0.00 0.04 -0.70 0.18 1.77 1.29 0.00 0.02 -0.89 0.17 1.94 1.24

11 0.00 0.06 -0.90 0.19 2.52 1.86 0.00 0.05 -1.23 0.20 2.50 1.52

22 0.00 0.06 -0.90 0.19 2.57 1.92 0.01 -0.10 1.38 -0.21 42.27 43.36

33 0.00 0.06 -0.90 0.19 2.57 1.92 0.00 -0.08 0.49 -0.03 133.98 134.36

P11D, the calculated spectra resemble some features of the ex-

perimental observation. Nonetheless, when more diffuse func-

tions were added, the calculated results are totally different

with the observations. The components in Table 4 show that

the diffuse functions dominate the contribution in dµk when

even only one set of diffuse functions was added. Thus, the

discrepancy between the calculated and experimental spec-

tra should be attributed to the wrong description of the ex-

tra electron at the B3LYP level when more diffuse functions

were used. Here, we should emphasize that the previous as-

signment for the structure of W/D−

4 , even though correct, was

based on the unconverged calculation results.13,34 The exper-

imental and theoretical IR spectra are in agreement with each

other merely by coincidence.

The calculated IR spectra for W/D−

5,6 were depicted in

Figs. 6 and 7, respectively. At the MP2 level, the relative IR

intensities again converge with one extra diffuse function. The

assignment for converged spectra in the bending region is the

same as that for W−

4 . The calculated spectra in this region are

in agreement with the experimental observations. On the other

hand, there are three bands in the stretching region. The same

as in D−

3 , these bands are assigned to νs, ν ′

s and νa from low

to high frequency, respectively. The calculated relative inten-

sities of νs and ν ′

s are comparable to the experimental results.

However, the intensity of νa is significantly overestimated by

the MP2 method.

The components of dµk for W/D−

5,6 in Tables 5 and 6 show

that they are certainly converged when two sets of diffuse

functions were added. With S33D and P33D, the largest ab-

solute contribution of individual basis set belongs to the sec-

ond outermost diffuse functions, which is consistent with the

convergence of the total dµk. For νb, with SmnD, the diffuse

functions have the largest contribution and the valence com-

ponents have considerably negative contribution, while with

PmnD, the diffuse functions dominant. For νs, with SmnD,

the valence components are the major part due to the cancella-

tion of individual contributions from diffuse functions. How-

ever, with PmnD, the contributions from diffuse functions are

dominant and the valence has the most negative contribution.

At the B3LYP level with S11D, P10D, and P11D, the calcu-

lated IR spectra in the stretching region are in agreement with

experimental spectra (here the relative intensity of νa is lower

1–12 | 9
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Table 6 Components of dynamic IR dipole moment for anionic water hexamer. N: Nuclear; C: Core basis set; V: Valence basis set; P:

Polarization basis set; D: Diffuse basis set; T: Total.

MP2 B3LYP

m,n N C V P D T N C V P D T

νb

SmnD

00 -0.48 -0.04 -3.90 -1.44 6.56 0.70 -0.52 -0.05 -2.31 -1.50 4.97 0.60

11 -0.19 -0.02 -3.61 -0.66 4.92 0.45 -0.51 -0.04 -5.03 -1.17 7.27 0.51

22 -0.27 -0.02 -4.35 -0.78 5.88 0.46 -0.08 -0.01 -1.39 -0.34 3.93 2.11

33 -0.27 -0.02 -4.35 -0.78 5.88 0.46 -0.43 -0.04 -3.47 -0.85 8.27 3.48

PmnD

00 -0.50 -0.07 0.06 0.12 1.06 0.67 -0.51 -0.07 -0.22 0.10 1.27 0.58

10 -0.36 -0.05 0.11 0.07 0.70 0.47 -0.55 -0.08 -0.12 0.11 1.26 0.62

11 0.06 0.01 0.04 -0.02 0.37 0.45 -0.54 -0.07 -0.08 0.10 1.08 0.49

22 -0.03 0.00 0.06 0.00 0.40 0.43 -0.04 -0.01 -0.06 0.01 8.95 8.85

33 -0.03 0.00 0.07 0.00 0.40 0.43 -0.58 -0.08 0.00 0.11 32.11 31.55

νs

SmnD

00 0.00 0.02 2.01 -0.55 -0.78 0.70 0.00 -0.01 0.44 -0.07 0.39 0.75

11 0.00 0.04 1.89 -0.22 0.12 1.82 0.00 0.04 1.34 -0.10 0.10 1.37

22 0.00 0.04 1.93 -0.22 0.04 1.79 0.00 0.00 -0.92 -0.16 6.25 5.18

33 0.00 0.04 1.93 -0.22 0.04 1.79 0.00 -0.05 -0.73 0.35 8.17 7.74

PmnD

00 0.00 0.02 -1.04 0.17 1.34 0.49 0.00 -0.04 -0.12 0.01 0.81 0.67

10 0.00 0.06 -1.02 0.24 1.97 1.26 0.00 0.04 -1.35 0.24 2.14 1.07

11 0.00 0.07 -1.17 0.25 2.60 1.74 0.00 0.06 -1.61 0.27 2.60 1.31

22 0.00 0.07 -1.17 0.25 2.60 1.75 0.00 -0.03 0.83 -0.15 3.64 4.29

33 0.00 0.07 -1.17 0.25 2.60 1.75 0.01 -0.11 1.76 -0.26 14.51 15.91

than that at the MP2 level). However, in the bending region,

the calculated results are quite different from the experimen-

tal counterparts. Furthermore, when more diffuse functions

were added, the IR spectra are diverse in both regions. Thus,

we would attribute the similarity in the stretching region to

coincidence again. The detailed components in Tables 5 and

6 indicate that the diffuse functions dominate in dµk and be-

come larger and larger. This result reveals that B3LYP has a

questionable description of the extra electron in W/D−

5,6.

4 Conclusions

In this work, we have examined the convergence of calcu-

lated IR spectra for W/D−

2−6 with respect to the number of

diffuse functions at both MP2 and B3LYP levels. For the MP2

method, the convergence can be achieved with respect to the

used basis sets. The converged IR spectra are in good agree-

ment with experimental observations. It can be concluded that

the MP2 method has the ability to correctly describe the ex-

tra electron in the dipole bounded systems. In contrast, the

convergence has never been obtained for all clusters under in-

vestigations at the B3LYP level. The contribution of diffuse

functions to the properties becomes larger with the increased

number of diffuse functions. It certainly implies that it is ques-

tionable to use B3LYP to study the systems bounded with an

extra electron, although such excises can be frequently found

in the literature. The basis set dependence could be a useful

measure to examine the applicability of some modern DFT

functionals (also high level post Hartree-Fock methods), in

particular, the functionals with correct asymptotic decaying as

well as the doubly hybrid functionals, for such anionic water

clusters.
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